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ABSTRACT
T h i s  t h e s i s  c o n s i d e r s  t h e  p r o b l e m s  i n v o l v e d  i n  t h e  a n a l y s i s  
o f  b i o l o g i c a l  s i g n a l s  a n d  s u g g e s t s  t h a t  t h e  g o a l  o f  s uch  a n a l y s e s  
s h o u l d  be a u n i q u e  r e p r e s e n t a t i o n  o f  t h e  b i o l o g i c a l  s i g n a l .
A p r o p o s a l  i s  made f o r  a s y s t e m  wh i c h  a t t e m p t s  t o  r e a c h  t h i s  
g o a l  by r e p r e s e n t i n g  c h a r a c t e r i s t i c  p a t t e r n s  o r  w a v e f o r m s  i n  b i o ­
l o g i c a l  s i g n a l s  q u a n t i t a t i v e l y  w i t h  a s e t  o f  p a r a m e t e r s  d e r i v e d  
f r om a F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  o f  t h e  p a t t e r n s .
To s u p p o r t  t h e  p r o p o s a l  h a r d w a r e  i m p l e m e n t a t i o n s  a n d  d i g i ­
t a l  c o m p u t e r  s i m u l a t i o n s  we r e  c a r r i e d  o u t  i n v e s t i g a t i n g  c e r t a i n  
a s p e c t s  o f  t h e  s y s t e m .
I t  was f o u n d  t h a t  i f  a b i o l o g i c a l  s i g n a l , wh i c h  i s  b a s i c a l l y  
p e r i o d i c  i n  n a t u r e ,  c a n  be s e g m e n t e d  a c c u r a t e l y  i n t o  i t s  f u n d a ­
m e n t a l  p e r i o d s ,  a p r e c i s e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  s i g n a l  
c a n  be a c h i e v e d .
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS 
The a u t h o r  w i s h e s  t o  e x p r e s s  h i s  g r a t i t u d e  f o r  t h e  a d v i c e  
a n d  e n c o u r a g e m e n t  o f f e r e d  by Mr.  J .  J .  H u s c h i l t ,  t h e  p r o j e c t  
s u p e r v i s o r .  P r o f .  P.  H. A l e x a n d e r ,  Dr .  W. C. M i l l e r ,  Dr .  E.  
L a s k e r  a n d  o t h e r  me mbe r s  o f  t h e  s t a f f  a nd  g r a d u a t e  s t u d e n t  
bo d y .
The a u t h o r ' s  a p p r e c i a t i o n  a l s o  g o e s  t o  Mr s .  E l l e n  Maybee 
who t y p e d  t h i s  t h e s i s  i n  a d d i t i o n  t o  t h e  N a t i o n a l  R e s e a r c h  
C o u n c i l  f o r  i t s  f i n a n c i a l  a s s i s t a n c e .
i i i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CONTENTS
P age
ABSTRACT............................................................................... .................................  H
ACKNOWLEDGEMENTS......................................................................................  H I
LI ST OF FIGURES.................................................................................. .. V i
LI ST OF TABLES...............................................................................................  V i i i
I .  INTRODUCTION.............................. ................................................. 1
A. L i t e r a t u r e  S u r v e y . .    6
B. C r i t i q u e ............ ................................................... .................  I X
C. S u m m a r y . . . . . . ..................................................................... l*f
I I .  THEORY...................................... ...................................... ..................  1 5
A. S e c t i o n i n g  B i o l o g i c a l  S i g n a l s  i n t o  
C h a r a c t e r i s t i c  P a t t e r n s . . ........................................ 1 5
B. Time N o r m a l i z a t i o n . . . .   ................. ..  1 7
1.  V a r i a b l e  R a t e  S a m p l i n g ................ ................. .. 1 7
2 .  R e c o n s t r u c t i o n  o f  Sa mpl e d  D a t a . . .............. 1 9
C. F o u r i e r  A n a l y s i s .......................................... ..  2 7
1 .  A m p l i t u d e  N o r m a l i z a t i o n ............. .. 28
2 . Computat ion of  Four i e r  C o e f f i c i e n t s ...............   » 3 1
3.  C o m p u t a t i o n  o f  A v e r a g e  P o w e r ........................  3 ^
I I I .  PROPOSED IMPLEMENTATION.............. ....................................  3 6
A. Time N o r m a l i z a t i o n . . . . . . . . . . . . . . . . . . .......... 36
\
1.  S e g m e n t a t i o n . . . . . . . . . . . . . . . . ........... .. 36
2 .  V a r i a b l e  R a t e  S a m p l i n g . ................ 38
3.  D a t a  R e c o n s t r u c t i o n   ................ .. 3 9
B. A n a l o g u e  S y s t e m . . . . . . . . . .  * .................................... * 6
C. Da t a  C o l l e c t i o n . . . . .   ............ 1+8
i v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
D. CSMP S i m u l a t i o n  R e s u l t s . . .
IV.  EVALUATION OF THE PROPOSAL...........
V. CONCLUSIONS AND RECOMMENDATIONS
APPENDIX...............................................................................
REFERENCES..........................................................................
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURES
F i g u r e  P a g e
1 - l a  P r e s s u r e  and  Ar e a  Da t a  O b t a i n e d  From a
C o m p e t e n t  P u l s a t i l e  F l o w .   ...................... 2
1 - l b  R a d i o e l e c t r o c a r d i o g r a m  o f  Woman I m m e d i a t e l y
A f t e r  E x e r c i s e   .................................................................  2
1 - l c  T a c h o g r a ms  o f  L e v e l  W a l k i n g . . . . . . .    3
1 - l d  F e t a l  E l e c t r o c a r d i o g r a m . . . . . . . . . . . ................. .. 3
1 - l e  P l o t  o f  Normal  ECG. . . • .    .......... ................. ......................  ^
1 - 2  C l i n i c a l l y  S i g n i f i c a n t  P a r a m e t e r s  i n  ECG.............  8
2 - 1  H y p o t h e t i c a l  B i o l o g i c a l  S i g n a l . . . . . . . . . . . . . . . .  lf>
2 - 2  B i o l o g i c a l  S i g n a l  S e c t i o n e d  i n t o  C h a r a c t e r ­
i s t i c  P a t t e r n s . .   ................ ......................... .. 1 6
2 - 3  Sa mpl e d  R e p r e s e n t a t i o n  o f  Time N o r m a l i z e d
S i g n a l . ..................................... ..............................................................  1 9
2 - 4  A m p l i t u d e  S p e c t r u m  o f  f n ( t ) .......................... .. 2 0
2 - 5  A m p l i t u d e  S p e c t r u m  o f  f s ( t ) .............................  20
2 - 6  O u t p u t  o f  a Ze r o  O r d e r  Ho l d  S y s t e m . . . . . . . . . . . .  22
2 - 7  A m p l i t u d e  and  P h a s e  C h a r a c t e r i s t i c s  o f  G( j  ) . .  23
2 - 8  I d e a l  Low P a s s  F i l t e r  C h a r a c t e r i s t i c s ................. . 2*f
2 - 9  A n a l o g u e  S y s t e m M e c h a n i z i n g  E q u a t i o n  ( 2 - 2 7 ) . . .  3 2
2 - 1 0  M e c h a n i z a t i o n  o f  E q u a t i o n  ( 2 - 1 5 ) . . . . . . . . . . . . * .  3 ^
2 - 1 1  M e c h a n i z a t i o n  o f  E q u a t i o n  ( 2 - 1 9 ) . ....................... 3^*
3 - 1  S y n c h r o n i z a t i o n  P u l s e s ..................... ......................................  38
3 - 2 a  3 r d  O r d e r  A c t i v e  B u t t e r w o r t h  F i l t e r . .................. ..  fy-1
3 - 2 b  F r e q u e n c y  R e s p o n s e  a n d  Componen t  v a l v e s  o f
3 r d  O r d e r  A c t i v e  B u t t e r w o r t h  F i l t e r ..................... ..  b -2
3 - 3  RM709 O p e r a t i o n a l  A m p l i f i e r  and  C o m p e n s a t i o n
N e t w o r k . ............................. ............................ .. ....................................  If2
Vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v i i
F i g u r e  P a g e
3 - 4  S c h e m a t i c  o f  A n a l o g u e  C o mp u t e r  Modu l e  f o r
F o u r i e r  A n a l y s i s . ................ .............................. .........................
3 - 5 a  S i g n a l  Waveform a nd  T i m i n g  P u l s e s . . . . . . . . . . . . .  *f5
3 - 5 b  C o s i n e  Waveform a n d  S o l u t i o n  t o  a,  c o e f f i ­
c i e n t . . . . . . . . . . . . .  ..................     ^ 5
3 - 5 c  C o s i n e  Wavef or m a nd  S o l u t i o n  t o  b c o e f f i ­
c i e n t . . . . . . . . . . . . . . . . . . . . . . . . . * . . ^ . ...............   if6
3 - 5 d  S q u a r e  Wave a n d  S o l u t i o n  t o  a c o e f f i c i e n t . , . .  If6
k
3 - 5 e  S q u a r e  Wave a n d  S o l u t i o n  t o  b^  c o e f f i c i e n t . . . .  If7
3 - 6  D a t a  Ho l d  S y s t e m . .................    *+8
3- 7  S e g m e n t a t i o n  I n t o  C h a r a c t e r i s t i c  P a t t e r n s . . . . .  If9
3 - 8  M e a s u r e m e n t ,  S t o r a g e  a n d  O u t p u t  o f  D u r a t i o n
P a r a m e t e r s , . . . ...............................................  50
3 - 9  V a r i a b l e  R a t e  S a m p l i n g  S y s t e m .........................................  50
3 - 1 0  Time N o r m a l i z a t i o n  and  S i g n a l  R e c o n s t r u c t i o n . ,  c{2.
3- 11  F o u r i e r  A n a l y s i s  a nd  Waveform P a r a m e t e r  D a t a . .
Ou t p u  t   .....................     52
3 - 1 2  CSMP S i m u l a t i o n  R e s u l t s  f o r  F o u r i e r  A n a l y s i s
o f  C o s i n e  W a v e f o r m . . . . ............................... .................
1
3 - 1 2 b  CSMP S i m u l a t i o n  R e s u l t s  f o r  F o u r i e r  A n a l y s i s
o f  S q u a r e  Wave*........................................ ................. ................. ..
3 - 1 3  L i n e  S p e c t r a  f o r  One C y c l e  o f  Nor mal  ECG   56
3 - 1 4  C u m u l a t i v e  AC Powe r  c u r v e  f o r  One C y c l e  o f
Normal  ECG.   ....................................   * 57
5 - l a  M o d i f i e d  F o u r i e r  A n a l y s i s  C o mp u t e r  M o d u l e . . . . .  6 7
5 - l b  3 T r a c k s  o f  I n f o r m a t i o n  R e q u i r e d  t o  I m p l e m e n t
M o d i f i e d  S y s t e m 6 7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
't a b l e s
T a b l e  P a g e
3- 1  a , P ,  a n d  F o u r i e r  C o e f f i c i e n t  P a r a m e t e r s  f o r
o
One C y c l e  o f  Nor mal  ECG (T = 2 . 0  s e c . ) ...............   5 5
3 - 2  a Q, p ,  a n d  F o u r i e r  C o e f f i c i e n t  P a r a m e t e r s
f o r  One C y c l e  o f  Normal  ECG (T -  0 . 4 3  s e c . )   $ 8
3 - 3  E f f e c t  o f  S e g m e n t a t i o n  E r r o r s  Upon t h e
Ana l y s i s . . . . . . . . . . ....................     6 0
v i i i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I .  INTRODUCTION
The r e s u l t s  o f  m e a s u r e m e n t s  on f l u c t u a t i o n s  i n  p h y s i o l o ­
g i c a l  p a r a m e t e r s  c o n s t i t u t e s  a b i o l o g i c a l  s i g n a l .  ( p h y s i o l o ­
g i c a l  -  r e l a t e d  t o  t h e  s t u d y  o f  t h e  f u n c t i o n s  and  a c t i v i t i e s  o f  
l i v i n g  m a t t e r  a s  s u c h ,  a n d  o f  t h e  p h y s i c a l  a n d  c h e m i c a l  p h e n o ­
mena  i n v o l v e d * ) .
Many o f  t h e s e  f l u c t u a t i o n s ,  a nd  t h u s  t h e  r e s u l t a n t  b i o l o g i ­
c a l  s i g n a l s  t h a t  r e p r e s e n t  t h e m,  a r e  r y t h m i c  i n  n a t u r e ,  and  
o c c u r  i n  a b a s i c a l l y  p e r i o d i c  mode .  A f ew e x a m p l e s  o f  s u c h  
s i g n a l s  a r e  g i v e n  i n  F i g .  ( 1 - 1 ) .  The l i s t  i s  by no me a n s  e x ­
h a u s t i v e  a n d  f u r t h e r  e x a m p l e s  c a n  be c i t e d  t h r o u g h o u t  t h e
n a t u r a l  w o r l d ,  r a n g i n g  f r o m s i g n a l s  d e r i v e d  f r o m m i c r o - o r g a n i s m s  
2t o  man .
I t  i s  t h e  i n t e r p r e t a t i o n  o f  s uch  s i g n a l s  t h a t  c o n s t i t u t e s
6
a m a j o r  p r o b l e m  i n  B i o - m e d i c a l  E n g i n e e r i n g  . To i n t e r p r e t  a 
b i o l o g i c a l  s i g n a l  i m p l i e s  t h a t  one  c a n  a c c u r a t e l y  d i s t i n g u i s h  
i t  f r om o t h e r  s i g n a l s  i n  t h e  same c l a s s ;  t h i s ,  i n  t u r n ,  i m p l i e s  
t h a t  o n e  c a n  g i v e  a q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  s i g n a l ,  t h a t  
t o  a c e r t a i n  d e g r e e  o f  a c c u r a c y  u n i q u e l y  r e p r e s e n t  t h e  s i g n a l .
The key  wor d  i n  t h i s  t h e s i s  i s  q u a n t i f i c a t i o n  ( t h e  t r a n s f o r m a t i o n  
o f  q u a l i t a t i v e  i n t o  q u a n t i t a t i v e  d a t a  i n  s c i e n t i f i c  m e t h o d o l o g y * 1) .
Much o f  t h e  o u t p u t  f r om b i o - m e d i c a l  i n s t r u m e n t a t i o n  i s  p r o ­
c e s s e d  by p h y s i c i a n s  o r  m e d i c a l  t e c h n i c i a n s  who r e l y  on a g r e a t  
d e a l  o f  p r e v i o u s  e x p e r i e n c e  w i t h  s u c h  i n s t r u m e n t a t i o n  t o  r e c o g n i z e  
p a t t e r n s  a n d  c h a r a c t e r i s t i c s  i n  t h e s e  s i g n a l s  t h a t  a r e  s i g n i f i c a n t .
1
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5A l t h o u g h  man i s  a v e r y  s u p e r i o r  e x t r a c t o r  o f  i n f o r m a t i o n  by 
p a t t e r n  r e c o g n i t i o n ,  he  c a n n o t  be c o m p l e t e l y  o b j e c t i v e ,  n o r  
c a n  he  ’’c o m p l e t e l y  e x p r e s s  w i t h  any  a c c u r a c y  t h e  a v e r a g e  a m p l i ­
t u d e ,  t h e  m e d i a n ,  t h e  maxi ma  and  m i n i m a ,  n o r  c a n  he  d e s c r i b e  
t h e  a v e r a g e  f r e q u e n c y ,  t h e  d e v i a t i o n s  a b o u t  t h i s  f r e q u e n c y ^ ” 
o f  some b i o l o g i c a l  s i g n a l
T h i s  a b s e n c e  o f  an  a c c u r a t e  r e p r e s e n t a t i o n  o f  a b i o l o g i c a l  
s i g n a l  ma k e s  t e c h n i c a l  c o m m u n i c a t i o n s  d e a l i n g  w i t h  s u c h  s i g n a l s  
v e r y  d i f f i c u l t .
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6A. Li  t e r a t u r e  S u r v e y
Much e f f o r t  i n  B i o - m e d i c a l  E n g i n e e r i n g  t o d a y  i s  d i r e c t e d  
t o w a r d  t h e  d e v e l o p m e n t  o f  a u t o m a t e d  s y s t e m s  t o  a n a l y z e  a n d  
i n t e r p r e t  a w i d e  c l a s s  o f  b i o l o g i c a l  s i g n a l s .  Such s y s t e m s ,  
i n  a d d i t i o n  t o  e l i m i n a t i n g  t h e  n e e d  f o r  s k i l l e d  human a n a l y s t ' s  
o r  i n t e r p r e t e r s ,  a t t e m p t s  t o  p r o d u c e  mor e  o b j e c t i v e ,  a c c u r a t e ,  
q u a n t i t a t i v e  d a t a  a b o u t  t h e  c h a r a c t e r i s t i c s  o f  b i o l o g i c a l  s i  g -  
n a l s .  The f o l l o w i n g  s e c t i o n  c o n s i d e r s  s e v e r a l  e x i s t e n t  s y s t e m s  
w h i c h  a t t e m p t  t o  s o l v e  t h e  p r o b l e m  o f  b i o l o g i c a l  s i g n a l s  a n a l y s i s .
g
Balm c o n d u c t e d  a s t u d y  t o  s e e  i f  a s i n g l e  e a s i l y  r e c o r d e d  
e l e c t r o c a r d i o g r a m  c a n  be u s e d ,  e m p l o y i n g  a c r o s s c o r r e l a t i o n  
s c h e me ,  t o  s c r e e n  a b n o r m a l  a d u l t  ECG w a v e f o r m s  f r om n o r m a l  w a v e ­
f o r m s .  Balm c o n s i d e r e d  s i x  s t a n d a r d  w a v e f o r m s ,  two c h a r a c t e r i s t i c  
o f  a wi d e  r a n g e  o f  n o r ma l  p a t t e r n s  a n d  f o u r  o t h e r s ,  e a c h  r e p r e ­
s e n t i n g  a c e r t a i n  d i s e a s e  c a t e g o r y .  He l e t  f s ( t )  r e p r e s e n t  a 
c e r t a i n  s t a n d a r d  w a v e f o r m ,  and  f ^ ( t ) t h e  unknown w a v e f o r m .  He 
u s e d  N + 1 s a m p l e s  o f  b o t h  w a v e f o r m s ,  s p a c e d  a t  N e q u a l  i n t e r v a l s
t o  f o r m t h e  d i s c r e t e  t i m e  c o r r e l a t i o n  g i v e n  by 0 ( t h ) *X s
^ Xs(^ = " n+T S Z .  x K S  k
K=!
wh e r e  X a n d  S a r e  t h e  d i s c r e t e  s a m p l e d  a m p l i t u d e s  o f  f ( t )  a nd  k k ^
f  ( t )  r e s p e c t i v e l y ,  a nd  i s  t h e  t i m e  d e l a y ,  s
D e p e n d i n g  on t h e  d e g r e e  o f  c o r r e l a t i o n  w i t h  f  ( t ) ,  f ( t )s X
was  t h e n  i n t e r p r e t e d  a s  b e i n g  n o r ma l  o r  a b n o r m a l ,  a n d  mo r e  s i g ­
n i f i c a n t l y ,  i f  a b n o r m a l ,  c l a s s i f i e d  i n t o  one  o f  t h e  f o u r  g i v e n  
d i s e a s e  c a t e g o r i e s .  S i n c e  ECG w a v e f o r m s  v a r y  i n  m a g n i t u d e  a n d  
t i m e  d u r a t i o n ,  and  s i n c e  c o r r e l a t i o n  i s  s h a p e  c o m p a r i s o n ,  Balm
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p e r f o r m e d  c e r t a i n  t i me  a n d  a m p l i t u d e  n o r m a l i z a t i o n  p r o c e d u r e s  
on t h e  ECG s i g n a l s  t o  be  p r o c e s s e d  i n  o r d e r  t o  make t h e  c o r r e ­
l a t i o n s  m e a n i n g f u l .
The i m p l e m e n t a t i o n  o f  t h i s  p r o c e d u r e  i n v o l v e d  ma n u a l  e x t r a c ­
t i o n  o f  36 e v e n l y  s p a c e d  s a m p l e s  f r om an a n a l o g u e  ECG wavef or n^  
( d e r i v e d  f r om a s t r i p  c h a r t  r e c o r d i n g )  and  t h e  i n t r o d u c t i o n  o f  
t h i s  d a t a ,  by me a n s  o f  key  p u n c h e d  c a r d s ,  i n t o  an  IBM 1440 c ompu­
t e r .  The c o m p u t e r  t h e n  p e r f o r m e d  t h e  a m p l i t u d e  n o r m a l i z a t i o n  
and  c r o s s c o r r e l a t i o n s .
A u t o c o r r e l a t i o n  and  c r o s s c o r r e l a t i o n  t e c h n i q u e s  a r e  mo r e  
o f t e n  a p p l i e d  t o  a c l a s s  o f  n o i s y  s i g n a l s  l i k e  t h e  e l e c t r o e n c e p h a ­
l o g r a m  ( e l e c t r i c a l  s i g n a l s  f r om t h e  s c a l p )  i n  o r d e r  t o  s t u d y
r h y t h m i c  a c t i v i t y  i n  EEG, and  t o  c o mp a r e  two EEG s i g n a l s  f r om
9 , 1 0d i f f e r e n t  p a r t s  o f  t h e  s c a l p  .
A n o t h e r  s t a t i s t i c a l  t e c h n i q u e ,  n a m e l y  t h e  d e t e r m i n a t i o n  o f
p o we r  s p e c t r a  and  i t s  v a r i a n c e ,  was  u s e d  by B e r k h o u t  and  W a l t e r * *
t o  d i s c r i m i n a t e  i n d i v i d u a l  EEG f r om a c o l l e c t i o n  o f  EEG d a t a  t a k e n
f r om 47 s u b j e c t s .  The p o w e r  s p e c t r a l  c r i t e r i o n  was  a l s o  u s e d  by 
12
Wyat t  t o  d e s c r i b e  and  c o m p a r e  q u a n t i t a t i v e l y  f i n g e r  t r e m o r s .
13C a c e r e s  s u g g e s t s  t h e  d e v e l o p m e n t  o f  a c o m p u t e r  p r o g r a m  
wh i c h  s i m u l a t e s  t h e  s u b j e c t i v e  p r o c e s s e s  t h a t  a p h y s i c i a n  wo u l d  
u s e  t o  e x t r a c t  c l i n i c a l l y  s i g n i f i c a n t  p a r a m e t e r s  f r om a n  e l e c t r o ­
c a r d i o g r a p h i c  s i g n a l  o r  a n y  o t h e r  e l e c t r o p h y s i o l o g i c a l  w a v e f o r m.
The t e r m  c l i n i c a l l y  s i g n i f i c a n t  p a r a m e t e r ,  w i t h  r e g a r d  t o  
t h e  ECG, r e f e r s  t o  t h e  a m p l i t u d e s  o f  P ,  Q,  R,  S a n d  T w a v e s ,  
a n d  t h e  d u r a t i o n s  o f  t h e  ST,  PQ,  QT a n d  RR s e g m e n t s  o f  t h e  wa v e ­
f o r m a s  shown i n  F i g .  1 - 2 .  T h e s e  p a r a m e t e r s  we r e  a r b i t r a r i l y
14e s t a b l i s h e d  by E i n t h o v e n  i n  1900  .
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FI G.  1 - 2 .  CLINICALLY SIGNIFICANT PARAMETERS IN ECG1 5 .
Such a p r o g r a m  o f  p a r a m e t e r  e x t r a c t i o n  was  p r o d u c e d  by 
S t e i n b e r g  e t  a l 1 5 . The i n p u t  d a t a  t o  t h i s  p r o g r a m  t o o k  t h e  
f o r m o f  a 5 s e c o n d  s e g m e n t  o f  an  ECG s i g n a l ,  wh i c h  was  s a m p l e d  
a t  a r a t e  o f  625 s a m p l e s  p e r  s e c o n d ,  c o n v e r t e d  i n t o  d i g i t a l  f o r m ,  
a n d  r e c o r d e d  on  m a g n e t i c  t a p e .  T h i s  d a t a  was  t h e n  s u b j e c t e d  t o  
a p r e p r o c e s s i n g  p r o g r a m  u s i n g  a 1 e a s t - s q u a r e s  p a r a b o l i c  s m o o t h i n g  
s che me  f o r  t h e  e l i m i n a t i o n  o f  n o i s e ,  b e f o r e  i t  was  r u n  i n  t h e  
ma i n  body  p a r a m e t e r  r e c o g n i t i o n  p r o g r a m .
The ma i n  body  p r o g r a m  b e g i n s  by d e t e c t i n g  t h e  p o i n t  o f  g r e a t ­
e s t  n e g a t i v e  r a t e  o f  c h a n g e  i n  0 . 6 4  s e c o n d  s u b s e g m e n t s  o f  t h e  d a t a  
w h i c h  a r e  s h o r t e r  t h a n  t h e  f u n d a m e n t a l  p e r i o d  o f  t h e  ECG wa v e f o r m 
a n d  e s t a b l i s h e s  t h i s  a s  a p o i n t  o f  r e f e r e n c e  f o r  e a c h  c y c l e  w i t h ­
i n  t h e  s i g n a l .  T h i s  p o i n t  r e f e r e n c e  i s  a v a l i d  one  b e c a u s e  i t  i s  
r e p e a t a b l e  i n  a n y  s u b j e c t  a nd  a l w a y s  o c c u r s  a f t e r  t h e  p e a k  o f  t h e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
R wave  a n d  b e f o r e  t h e  p e a k  o f  t h e  S wa v e .  The p r o g r a m  t h e n  
c o n t i n u e s ,  a c c o r d i n g  t o  a c o m p l e x  s e r i e s  o f  l o g i c a l  o p e r a t i o n s ,  
t o  l o c a t e  a n d  m e a s u r e  t h e  v a r i o u s  p e a k s  a nd  i n t e r v a l s  wh i c h  c o n ­
s t i t u t e  t h e  s e t  o f  c l i n i c a l  p a r a m e t e r s ,  a n d  t h u s  a u t o m a t e s  a 
t e d i o u s  p r o c e s s  o f  m e a s u r e m e n t .  The o u t p u t  o f  t h i s  p r o c e s s  i s  
u s e d  by a p h y s i c i a n  a s  a  d i a g n o s t i c  a i d ,  t o  c l a s s i f y  w a v e f o r m s  
i n t o  c a t e g o r i e s  o f  n o r m a l i t y  o r  a b n o r m a l i t y .
L o w e n b e r g ^  d i s c u s s e s  t h e  p r o b l e m  o f  m a k i n g  q u a n t i t a t i v e  
m e a s u r e m e n t s  on EEG s i g n a l s ,  a n d  e m p h a s i z e s  t h e  p o i n t  t h a t  a 
u n i q u e  r e p r e s e n t a t i o n  s h o u l d  be t h e  g o a l  o f  a n a l y s i s  o f  s u c h  
s i g n a l s .  He s u g g e s t s  t h a t  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  EEG 
s i g n a l s  do n o t  n e c e s s a r i l y  i n c l u d e  a l l  s i g n i f i c a n t  i n f o r m a t i o n  
w i t h i n  t h e  s i g n a l ,  and  t h a t  p r o b l e m s  a r i s e  when t h e  s i g n a l  f r om
a p a t i e n t  i s  n o t  s t a t i o n a r y  due  t o  c h a n g e s  i n  t h e  p a t i e n t ' s
p h y s i c a l  s t a t e  o r  e n v i r o n m e n t .  T h i s  i s  s u p p o r t e d  by t h e  f a c t  
t h a t  i n  many c a s e s  i n d i c a t i o n s  o f  a b n o r m a l i t i e s  i n  EEG s i g n a l s  
a p p e a r  f o r  o n l y  b r i e f  p e r i o d s  o f  t i m e  and  t h u s  may be  l o s t  i n  
t h e  a v e r a g i n g  p r o c e s s .
L o w e n b e r g  p r o p o s e d  a m e t h o d  o f  q u a n t i f y i n g  EEG s i g n a l s  by 
r e p r e s e n t i n g  f i n i t e  i n t e r v a l s  o f  EEG r e c o r d s  w i t h  a d i s c r e t e  
F o u r i e r  s e r i e s .  I n  h i s  w o r k ,  a one  s e c o n d  s e g m e n t  o f  some EEG 
s i g n a l ,  r e c o r d e d  on m a g n e t i c  t a p e ,  i s  f o r m e d  i n t o  a t a p e  l o o p   ^
a n d  r e p l a y e d  r e p e t i t i v e l y .  T h i s  s e g m e n t  o f  t h e  s i g n a l  i s  t h e r e ­
by t r a n s f o r m e d  i n t o  a r e p e t i t i v e  s i g n a l  w i t h  a f u n d a m e n t a l  f r e ­
q u e n c y  o f  1Hz.  A t u n e a b l e  h i g h - Q  b a n d p a s s  f i l t e r  was  u s e d  t o
d e t e r m i n e  t h e  a m p l i t u d e s  o f  t h e  c o m p o n e n t s  o f  t h e  d i s c r e t e  F o u r i e r
s p e c t r a  t h a t  make up t h e  s i g n a l ,  a nd  t h e r e b y ,  a c c o r d i n g  t o
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L o w e n b e r g ,  g i v i n g  a u n i q u e  r e p r e s e n t a t i o n  o f  t h a t  s e g m e n t  o f  
t h e  EEG w a v e f o r m .
L o w e n b e r g  s t a t e s  t h a t  t h i s  m e t h o d  s h o u l d  be a p p l i e d  o n l y  
t o  s h o r t  i n t e r v a l s  o f  t h e  EEG s i g n a l *  t h a t  may be o f  c l i n i c a l  
i n t e r e s t ,  r a t h e r  t h a n  t o  t h e  e n t i r e  EEG r e c o r d  o b t a i n e d  f r om a 
p a t i e n t .
R e c e n t l y  an e f f i c i e n t  d i g i t a l  t e c h n i q u e  c a l l e d  t h e  F a s t  
F o u r i e r  T r a n s f o r m  ^  h a s  b e e n  d e v e l o p e d  t o  c o mp u t e  t h e  d i s c r e t e  
F o u r i e r  t r a n s f o r m  o f  a wa v e f o r m f r om a t i m e  s e r i e s  o f  s a m p l e s  
t a k e n  f r om t h e  w a v e f o r m .  C o e f f i c i e n t s  o f  t h e  DFT c a n  be  d i ­
r e c t l y  r e l a t e d  t o  t h e  c o e f f i c i e n t s  o f  a F o u r i e r  s e r i e s  r e p r e s e n -
18t a t i o n  o f  a c o n t i n u o u s  wa v e f o r m
19P a r z e n ,  i n  h i s  p a p e r  , c o n s i d e r s  t h r e e  s e p a r a t e  a s p e c t  o f  
s p e c t r a l  a n a l y s i s ;  how t o  d e f i n e  t h e  s p e c t r u m ,  how t o  c o mp u t e  i t ,  
and  how t o  i n t e r p r e t  t h e  c o m p u t e d  d a t a .  Wi th r e g a r d  t o  t h e  l a t t e r ,  
he  s t a t e s  t h a t  s p e c t r u m  a n a l y s i s  t e c h n i q u e s  c o u l d  be a p p l i e d  t o  
r e c o g n i z e  a n d  c l a s s i f y  p a t t e r n s  ( w h e t h e r  t h e y  be b i o l o g i c a l  
s i g n a l s  o r  v a r i a t i o n s  i n  some e c o n o m i c  c y c l e )  g i v e n  by a t i m e  
v a r y i n g  s i g n a l .  F u r t h e r m o r e  he  m a i n t a i n s  t h a t ,  i n  a n y  i n s t a n c e ,  
i f  one  c o n s i d e r s  t h e  t i me  d o ma i n  a p p r o a c h  t o  a p r o b l e m  one  s h o u l d  
a l s o  c o n s i d e r  a p p l y i n g  a F o u r i e r  t r a n s f o r m  t o  t h e  s i g n a l  r e p r e ­
s e n t e d  i n  t h e  t i me  d o ma i n .  '
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B. C r i  t i q u e
The p a t t e r n  r e c o g n i t i o n  p r o g r a m  d e v e l o p e d  by S t e i n b e r g * ^  
e x t r a c t e d  c l i n i c a l l y  s i g n i f i c a n t  p a r a m e t e r s  f r om ECG w a v e f o r m s .  
Ho we v e r ,  t h e  f a c t  t h a t  t h e s e  p a r a m e t e r s  we r e  o r i g i n a l l y  e s t a b ­
l i s h e d  i n  an  a r b i t r a r y  m a n n e r ,  and  a r e  p r e s e n t l y  s u b j e c t  t o  a 
b r o a d  r a n g e  o f  i n t e r p r e t a t i o n s ,  l i m i t s  t h i s  a n a l y s i s  t o  an 
e s s e n t i a l l y  s u b j e c t i v e  p r o c e s s .  I n  a d d i t i o n ,  no a l l o w a n c e  i s  
made  i n  t h i s  a n a l y s i s  f o r  t h e  d i s c o v e r y  and  e s t a b l i s h m e n t  o f  
new s i g n i f i c a n t  p a r a m e t e r s .  Th e s e  p r o b l e m s  a r i s e  due  t o  t h e  
l i m i t e d  n a t u r e  o f  t h e  p a r a m e t e r s  r e p r e s e n t i n g  t h e  ECG w a v e f o r m .
The r e s o l u t i o n  o f  a p r o c e s s  t h a t  a t t e m p t s  t o  d e f i n e  a c o mp l e x  
wa v e f o r m by 8 t i m e - a m p l i t u d e  s a m p l e s  i s  n o t  v e r y  s h a r p ,  and  c a n  
r e s u l t  i n  t h e  l o s s  o f  a g r e a t  d e a l  o f  s i g n i f i c a n t  i n f o r m a t i o n  
w i t h i n  t h e  s i g n a l .
To a p p l y  t h i s  t e c h n i q u e  t o  a g e n e r a l  c l a s s  o f  b i o l o g i c a l  
s i g n a l s  wo u l d  n e c e s s i t a t e  t h e  d e v e l o p m e n t  o f  a s e p a r a t e  p r o g r a m  
f o r  e v e r y  s p e c i f i c  t y p e  o f  s i g n a l  r e q u i r i n g  p r o c e s s i n g .  As a 
r e s u l t  a l a r g e  l i b r a r y  o f  s u c h  p r o g r a m s  wo u l d  be r e q u i r e d  t o  make
t h i s  s y s t e m  a c o m p r e h e n s i v e  o n e .
8I n  B a l m ' s  work s i m i l a r  p r o b l e m s  a r i s e .  A g a i n  t h e  f i r s t  
s t e p  i n  t h e  p r o c e s s  i s  a b r o a d  s u b j e c t i v e  o n e ,  i n  t h a t  t y p i c a l  
w a v e f o r m s  w e r e  d e f i n e d  t o  r e p r e s e n t  c l a s s e s  o f  n o r m a l  and  a b n o r m a l  
ECG w a v e f o r m s .  F u r t h e r m o r e ,  o n l y  t h e  QT s e g me n t  o f  t h e  e n t i r e  
ECG w a v e f o r m  was c o n s i d e r e d  s i g n i f i c a n t ,  a n d  o n l y  t h i s  p o r t i o n  
was  s u b j e c t e d  t o  c r o s s - c o r r e l a t i o n  w i t h  t h e  QT s e g m e n t s  o f  t h e
t y p i c a l  w a v e f o r m s .
A t e d i o u s  p r o c e s s  o f  t i m e  n o r m a l i z i n g  a l l  t e s t  w a v e f o r m s  
t o  c o r r e s p o n d  t o  t h e  t i m e  b a s e  o f  t h e  c o n t r o l  w a v e f o r m s  was
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c a r r i e d  o u t  by h a n d  r a t h e r  t h a n  b e i n g  a u t o m a t e d .
The r e s u l t a n t  o u t p u t  was a  c l a s s i f i c a t i o n  o f  e a c h  t e s t  
w a v e f o r m  i n t o  f i v e  c a t e g o r i e s ,  o n e  n o r m a l ,  and  f o u r  a b n o r m a l ,  
d i s e a s e d  c a t e g o r i e s ,  and  i t  m u s t  be s a i d  t h a t  t h e  p r o c e s s  was  
c a r r i e d  o u t  s u c c e s s f u l l y  on a n u mb e r  o f  s p e c i m e n  w a v e f o r m s .
T h i s  b a s i c  t e c h n i q u e  h a s  t h e  a d v a n t a g e  o f  b e i n g  f l e x i b l e  
s i n c e  i t  c a n  be  a p p l i e d  t o  c o r r e l a t e  a n y  two b i o l o g i c a l  s i g n a l s .  
The p r o c e s s ,  i n  i t s  p r e s e n t  s t a t e ,  h o w e v e r ,  i s  l i m i t e d  t o  a 
t a x o n o m i c  f i e l d  o f  f i v e  c a t e g o r i e s .  The f i e l d  c o u l d  be e x p a n d ­
e d  t o  i n c l u d e  mor e  t y p i c a l  w a v e f o r m s  b u t  a t  some p o i n t  t h e  r e s o ­
l u t i o n  o f  t h e  t e c h n i q u e  wo u l d  b r e a k  down.  T h i s  i s  b e c a u s e  no 
p r e c i s e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  w a v e f o r ms  was d e r i v e d ,  
a n d  c o m p a r i s o n s  made upon  t h a t  b a s i s .
Lowenberg*** t r e a t e d  EEG s i g n a l s  i n  a d e t e r m i n i s t i c  m a n n e r  
by  r e p r e s e n t i n g  a s e g m e n t  o f  an  EEG s i g n a l  w i t h  a F o u r i e r  s e r i e s  
r e p r e s e n t a t i o n .  Ho we v e r ,  i n  h i s  e x p e r i m e n t a l  wor k  he  ma k e s  no 
a t t e m p t  t o  o b t a i n  p h a s e  i n f o r m a t i o n  f o r  e a c h  o f  t h e  f r e q u e n c y  
c o m p o n e n t s ,  and  o n l y  e x t r a c t s  an  a m p l i t u d e  s p e c t r u m  f o r  t h e  
s i g n a l ,  t h e r e b y  r e n d e r i n g  an i n c o m p l e t e  r e p r e s e n t a t i o n  o f  t h e  
s i g n a l  s e g m e n t .
A mor e  f u n d a m e n t a l  p r o b l e m  i n  L o w e n b e r g ' s  work s t e m s  f r om 
t h e  t y p e  o f  s i g n a l s  he  i s  p r o c e s s i n g .  E l e c t r i c a l  s i g n a l s  d e ­
r i v e d  f r om t h e  n e r v o u s  s y s t e m  a r e  n o t  w e l l  d e f i n e d  a n d  b a s i c a l l y  
p e r i o d i c  b u t  a r e  e s s e n t i a l l y  r andom s i g n a l s  a n d  t h u s  c a n n o t  be 
t r e a t e d  e f f e c t i v e l y  i n  a d e t e r m i n i s t i c  m a n n e r .  A c h a r a c t e r i s t i c  
p o i n t  o f  r e f e r e n c e  i s  d i f f i c u l t  t o  e s t a b l i s h  w i t h i n  t h i s  c l a s s  
o f  r andom s i g n a l s ,  a n d  t h u s  s e g m e n t s  f r om an EEG r e c o r d  m u s t  be  
e x t r a c t e d  f o r  a n a l y s i s  i n  a r a t h e r  a r b i t r a r y  m a n n e r .  T h i s  ma k e s
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m e a n i n g f u l  c o m p a r i s o n s  b e t w e e n  s e g m e n t s  o f  EEG s i g n a l s  h a z a r d ­
o u s .  I n  a d d i t i o n ,  t h e  p r o c e d u r e  o f  f o r m i n g  t a p e  l o o p s  and  
t u n i n g  i n  on e a c h  o f  t h e  h a r m o n i c s  m a n u a l l y  d o e s  n o t  l e n d  
i t s e l f  r e a d i l y  t o  p r o c e s s i n g  l a r g e  a m o u n t s  o f  d a t a .
F a s t  F o u r i e r  T r a n s f o r m  m e t h o d s  c o u l d  be u s e d  t o  q u a n t i f y  
s e g m e n t s  o f  b i o l o g i c a l  s i g n a l s  by me a n s  o f  a  F o u r i e r  s e r i e s  
r e p r e s e n t a t i o n ,  h o w e v e r ,  l a r g e  c o m p u t e r  f a c i l i t i e s  l i k e  t h e  
IBM 7094 s y s t e m  a r e  r e q u i r e d  t o  c a r r y  o u t  t h e  FFT c o m p u t a t i o n s  
q u i c k l y .
C.  Sumtna ry
To c o n c l u d e ,  t h e  c o n c e p t  o f  u s i n g  a F o u r i e r  r e p r e s e n t a t i o n  
t o  q u a n t i z e  b i o l o g i c a l  s i g n a l s  a p p e a r s  f e a s i b l e ,  b u t  o n l y  i f  
l e s s  c u mb e r s o me  F o u r i e r  a n a l y s i s  t e c h n i q u e s  c a n  be d e v e l o p e d  
t o  p r o c e s s  s u c h  s i g n a l s .  The o b j e c t i v e  o f  t h i s  t h e s i s  i s  t o  
p r e s e n t  a p r o p o s a l  f o r  a b i o l o g i c a l  s i g n a l s  a n a l y s i s  s y s t e m  
w h i c h  w i l l  q u a n t i f y  b i o l o g i c a l  s i g n a l s ,  b a s e d  upon  a F o u r i e r  
s e r i e s  r e p r e s e n t a t i o n  o f  c ha  r a c  t t er  i s t  i c  s e g m e n t s  w i t h i n  t h e  
s i g n a l .
The s y s t e m  p r o p o s e d  w i l l  be  l i m i t e d  i n  s c o p e  t o  t h e  a n a l y ­
s i s  o f  s i g n a l s  t h a t  a r e  b a s i c a l l y  p e r i o d i c ,  and  w e l l  d e f i n e d  o r  
d e t e r m i n i s t i c  i n  n a t u r e ,  a n d  e x c l u d e s  t h e  c l a s s  o f  s i g n a l s  
w h i c h  a r e  r a n d o m,  and  t h e r e f o r e  m u s t  be  t r e a t e d  by n o n - d e t e r m i n i s t i c  
m e t h o d s  o f  a n a l y s i s .
The p r o p o s e d  s y s t e m  i s  i m p l e m e n t e d  i n  two p h a s e s .  The 
f i r s t  i s  a d i g i t a l  p r e - p r o c e s s i n g  p h a s e  t h a t  t r a n s f o r m s  t h e  
s i g n a l  by t i m e  n o r m a l i z a t i o n  i n t o  a f o r m s u i t a b l e  f o r  F o u r i e r
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a n a l y s i s *  The s e c o n d  p h a s e  u s e s  a n a l o g u e  t e c h n i q u e s  t o  c a r r y  
o u t  a F o u r i e r  a n a l y s i s  o f  t h e  t i m e  n o r m a l i z e d  s i g n a l .
D i g i t a l  c o m p u t e r  s i m u l a t i o n s  a s  w e l l  a s  h a r d w a r e  i m p l e n t a -  
t i o n s  a r e  u s e d  t o  s u p p o r t  t h e  p r o p o s a l .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I I .  THEORY
A.  S e c t i o n i n g  B i o l o g i c a l  Si  g n a l s  I n t o  C h a r a c t e r !  s t i c  P a t t e r n s .
C o n s i d e r  a h y p o t h e t i c a l  s i g n a l  f ( t ) ,  shown i n  F i g .  2 - 1 ,  
wh i c h  c a n  be  t a k e n  t o  r e p r e s e n t  a c l a s s  o f  w e l l - d e f i n e d  b a s i c ­
a l l y  p e r i o d i c  b i o l o g i c a l  s i g n a l s ,  l i k e  t h o s e  i l l u s t r a t e d  i n  t h e  
i n t r o d u c t i o n  o f  t h i s  t h e s i s .
f(t)
FI G.  2 - 1 .  HYPOTHETICAL BIOLOGICAL SIGNAL
I t  c a n  be  s e e n  t h a t  i n  many c a s e s  d e s p i t e  t h e  f a c t  t h a t  
t h e  f r e q u e n c y  a nd  i n t e n s i t y  o f  t h e  s i g n a l  may v a r y ,  due  t o  
c e r t a i n  p h y s i c a l  o r  c h e m i c a l  c h a n g e s  a t  t h e  s o u r c e ,  t h e  s i g n a l  
r e m a i n s  i n  a b a s i c a l l y  p e r i o d i c  mode .  I f  t h e  s i g n a l  i s  s e c t i o n e d  
a t  c e r t a i n  c h a r a c t e r i s t i c  p o i n t s  a l o n g  t h e  t i me  a x i s ,  a s  shown 
i n  F i g .  2 - 2 ,  i t  i s  t r a n s f o r m e d  i n t o  a s e r i e s  o f  c h a r a c t e r i s t i c  
p a t t e r n s  r e p r e s e n t i n g  a f u n d a m e n t a l  p e r i o d  i n  t h e  v a r i a t i o n s  o f  
some p h y s i o l o g i c a l  p r o c e s s .
1 5
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f(t)
AT,A T . A T
T,  T 2 T 3
FI G.  2 - 2 .  BIOLOGICAL SIGNAL SECTIONED INTO CHARACTER­
ISTIC PATTERNS.
To q u a n t i f y  a b i o l o g i c a l  s i g n a l  i t  i s  r e q u i r e d  t o  p r o d u c e  
a n  a n a l y t i c  d e s c r i p t i o n  o f  e a c h  o f  t h e  c h a r a c t e r i s t i c  p a t t e r n s  
o r  w a v e f o r ms  w i t h i n  t h e  s i g n a l .  Th e s e  p a t t e r n s  may v a r y  i n
shape and d u r a t i o n ; and i t  i s t h e s e  two c r i  t e r i a upon whi ch t he
a n a l y t i c  d e s c r i p t i o n mu s t  be b a s e d .  One pararae t e r in t h e a n a -
l y t i c d e s c r i p t i o n  o f th e p a t t e r n ,  namely d u r a t i on * g i ven by
A  Tj ♦ A t2 , A t 3 • • • • * can be r e a d i l y  e s t a b l i  sh ed by simp i y
measu r i n g  t h e  i n t e r v a l s whi ch d e f i n e  t h e b e g i n n i n g an d en d o f
e ach f u nd a m en t a l  p e r i o d wi th i n the  s i g n a 1.
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B. Time N o r m a l i  z a t i o n
Once Che c h a r a c t e r i s t i c  p a t t e r n s  o r  w a v e f o r m s  w i t h i n  t h e
s i g n a l  h a v e  b e e n  s e g m e n t e d  a n d  t h e i r  d u r a t i o n s  m e a s u r e d ,  i t  i s
n e c e s s a r y  t o  c o n s i d e r  t h e  s h a p e  o f  e a c h  o f  t h e s e  p a t t e r n s  t o
r e n d e r  an a n a l y t i c  r e p r e s e n t a t i o n  o f  t h e  s i g n a l .
To make  t h e  s h a p e  c r i t e r i o n  i n d e p e n d e n t  o f  t h e  d u r a t i o n  o f
t h e  p a t t e r n ,  a n d  s u i t a b l e  f o r  f u r t h e r  p r o c e s s i n g ,  e a c h  i n t e r v a l
^  T j , mu s t  be  n o r m a l i z e d  t o  some s t a n d a r d  i n t e r v a l
so t h a t  e a c h  c h a r a c t e r i s t i c  wa v e f o r m a s s u m e s  a f u n d a m e n t a l  p e r i o d
o f  T s e c o n d s  d u r a t i o n .  The r e s u l t a n t  n o r m a l i z e d  s i g n a l  f ( t ) ,n
wo u l d  be a s e q u e n c e  o f  p a t t e r n s  o c c u r r i n g  a t  a f u n d a m e n t a l  f r e ­
q u e n c y  o f  “  Hz.  Each wa v e f o r m r e t a i n s  i t s  o r i g i n a l  s h a p e ,  a n d  
t h u s  t h e  i n f o r m a t i o n  i m p l i c i t  w i t h i n  i t ,  b e i n g  m e r e l y  e x p a n d e d  
o r  c o n t r a c t e d  i n  t i m e  a s  r e q u i r e d  t o  a c c o mmo d a t e  a n o r m a l i z e d  
p e r i o d  o f  T s e c o n d s  d u r a t i o n .
*• V a r i a b l e  R a t e  S a m p l i n g
A m e t h o d  o f  t i m e  n o r m a l i z a t i o n  c a n  be  i m p l e m e n t e d  by me a n s  
o f  a v a r i a b l e  r a t e  s a m p l i n g  s y s t e m ,  t h e  r a t e  b e i n g  d e p e n d e n t  
u p o n  t h e  v a l u e s  o f  t h e  d u r a t i o n  p a r a m e t e r s  A T j , A T 2 » 
o f  e a c h  wa v e f o r m i n  t h e  s i g n a l .  I f  o n e  c o n s i d e r s  t h e  h y p o t h e ­
t i c a l  b i o l o g i c a l  s i g n a l  f ( t )  t o  h a v e  a maximum f r e q u e n c y  c o m p o n e n t  
o r  h a n d w i d t h  o f  f ^ ,  t h e  s a m p l i n g  t h e o r e m  s t a t e s  t h a t  t h e  s i g n a l
m u s t  be s a m p l e d  a t  a mi ni mum r a t e  o f  2 f  Hz i n  o r d e r  t o  be a b l em
t o  e v e n t u a l l y  r e p r o d u c e  t h e  s i g n a l  f r om t h e  s a m p l e d  v a l u e s  w i t h -  
20
o u t  d i s t o r t i o n  . T h i s  me a n s  t h a t  a minimum o f  2 f  T n u mb e r  o fm i
s a m p l e s  a r e  r e q u i r e d  t o  c o m p l e t e l y  c h a r a c t e r i s e  a T^ s e c o n d  s e g ­
m e n t  o f  t h i s  s i g n a l .  I f  we c h o o s e  an  a r b i t r a r i l y  l a r g e  n u mb e r  
o f  s a m p l e s  N t o  r e p r e s e n t  e a c h  c h a r a c t e r i s t i c  wa v e f o r m s u c h  t h a t ;
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N » 2 f j ; , 2 f MT2,2 fMT3............................  (2-1)
t h e  f i d e l i t y  o f  a s a m p l e d  r e p r e s e n t a t i o n  i s  i n s u r e d .
The t i m e  n o r m a l i z a t i o n  p r o c e s s  i s  i m p l e m e n t e d  by s a m p l i n g  
t h e  a m p l i t u d e  o f  e a c h  c h a r a c t e r i s t i c  p a t t e r n  a t  a r a t e  g i v e n  
by S i ,
S . =  ( 2 " 2 )
w h e r e  A T j  i s  t h e  v a l u e  o f  t h e  d u r a t i o n  o f  t h e  p a r t i c u l a r  w a v e -  
f o r m b e i n g  s a m p l e d ,  a nd  s u b s e q u e n t l y  s t o r i n g  t h e  s a m p l e d  d a t a .
The p r o b l e m  o f  a l  i a s i  ng  r e s u 1 t i n g  f r om l i m i t a t i o n s  upon  Eqn.  ( 2 - 2 )  
w i l l  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  The d a t a  t h u s  a p p e a r s  
a s  a s e q u e n c e  o f  N n u m b e r s  f o r  e a c h  c h a r a c t e r i s t i c  p a t t e r n  i n  
t h e  s i g n a l .  E v e r y  b l o c k  o f  N n u m b e r s  c o r r e s p o n d s  t o  t h e  v a l u e s  
o f  t h e  a m p l i t u d e s  o f  a wa v e f o r m a t  e q u a l l y  s p a c e d  i n t e r v a l s  o f
A  T
 L s e c o n d s  a l o n g  t h e  t i m e  a x i s .
N N
I f  t h e  d a t a  i s  t h e n  r e a d  o u t  i n  s e q u e n c e ,  a t  a r a t e  ~  Hz
w h e r e  T i s  t h e  n o r m a l i z e d  p e r i o d ,  a d i s c r e t e  o r  s a m p l e d  r e p r e ­
s e n t a t i o n  o f  e a c h  c h a r a c t e r i s t i c  p a t t e r n  a s s u m e s  a d u r a t i o n  
e q u a l  t o  T s e c o n d s .  The e n t i r e  s i g n a l  h a s  t h e r e b y  b e e n  t i m e  
n o r m a l i z e d ,  a n d  a c o n s t a n t  p a t t e r n  r e p e t i t i o n  r a t e  o r  f u n d a m e n t ­
a l  f r e q u e n c y  o f  ^  f o r  t h e  s i g n a l  h a s  b e e n  a c h i e v e d .
The t i m e  n o r m a l i z e d  s i g n a l  a t  t h i s  s t a g e  c a n  be  r e p r e s e n t e d  
by a s e r i e s  o f  i m p u l s e s  f g ( t )  shown i n  F i g .  2 - 3 .
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FI G,  2 - 3 .  SAMPLED REPRESENTATION OF TIME NORMALIZED 
SIGNAL
I n o r d e r  t o  i m p l e m e n t  t h e  q u a n t i f i c a t i o n  o f  t h e s e  p a t t e r n s  
t h e y  m u s t  be  r e c o n v e r t e d  t o  a c o n t i n u o u s  t i m e  n o r m a l i z e d  f o r m 
g i v e n  by f n ( t ) .
2 .  R e c o n s t r u e  t i o n  o f Samp l e d  Da t a
The s e r i e s  o f  i m p u l s e s  f _ ( t )  ( F i g .  2 - 3 )  c o r r e s p o n d s  t o  as
p u l s e  a m p l i t u d e  m o d u l a t e d  r e p r e s e n t a t i o n  of  t h e  e n t i r e  o r i g i n a l
s i g n a l  f ( t ) ,  i n  a t i m e  n o r m a l i z e d  f o r m .  The a m p l i t u d e  s p e c t r u m
F ( j u O  o f  t h e  s i g n a l ,  b a n d l i m i t e d  t o  f* c a n  be  c h a r a c t e r i z e d  n m
by F i g .  2 - 4 ,




FI G.  2 - 4 , AMPLITUDE SPECTRUM OF f ( t )n
w h e r e ;
= 2TTf;M ( 2 - 3 )
The c o r r e s p o n d i n g  s p e c t r u m  o f  f g ( t )  g i v e n  by F g ( j c o )  i s  
shown i n  F i g .  2 - 5 ,  a n d  i s
UJ
-60-oo-co -co -to + to 60
F I G.  2 - 5 , AMPLITUDE SPECTRUM OF f  ( t )s
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g i v e n  by Eqn.  ( 2 - 4 ) ^ * ,
oo
Fs (jw) =  F ^ jto .-  in u s )
n ; - o O
( 2 - 4 )
wh e r e  CO i s  t h e  p u l s e  r e p e t i t i o n  r a t e  and  Tg i s  t h e  s a m p l i n gs
i n t e r v a l .
COs  = =  211 fg =  2T[N
TS "  ~T
( 2 - 5 )
( 2- 6 )
I f  t h e  c o n d i t i o n s  g i v e n  by Eqn.  ( 2 - 1 ) ,  a nd  r e f l e c t e d  i n  
Eqn.  ( 2 - 6 ) c a n n o t  be me t  due  t o  c e r t a i n  l i m i t a t i o n s  u p o n  t h e  
s a m p l i n g  r a ^ i  s u c h  t h a t ;
d i s t o r t i o n  o c c u r s  a s  a r e s u l t  o f  t h e  a t t e n u a t i o n  o f  t h e  s i g n a l  
s p e c t r u m  c a u s e d  by t o o  l ow a s a m p l i n g  f r e q u e n c y C 0 g . To o v e r ­
come t h i s  p r o b l e m  t h e  s i g n a l  w i l l  h a v e  t o  be c o n s t r a i n e d  t o  a 
s m a l l e r  b a n d w i d t h  by me a n s  o f  l ow p a s s  f i l t e r i n g .  T h i s  i s  a 
c o m p r o m i s e  s i t u a t i o n  i n  wh i c h  a c e r t a i n  p o r t i o n  o f  t h e  h i g h e r  
f r e q u e n c i e s  of  t h e  s i g n a l  w i l l  h a v e  t o  be r e j e c t e d  i n  o r d e r  t o  
i n s u r e  a n  u n d i s t o r t e d  r e p r e s e n t a t i o n  o f  t h e  r e m a i n i n g  p o r t i o n  
o f  t h e  b a n d .
To r e c o n s t r u c t  a c o n t i n u o u s  s i g n a l  f ( t )  f r om f ( t )  t h en s
PAM s i g n a l  l ow p a s s  f i l t e r  t e c h n i q u e s  mu s t  be a p p l i e d  t o  p a s s  
s i g n a l  f r e q u e n c i e s  i n  t h e  r a n g e  0 -  CM ancj a t t e n t u a t e  t h e  r e s t
( 2 - 7  )
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o f  t h e  b a n d .  Low p a s s  f i l t e r i n g ,  f o r  r e c o n s t r u c t i o n  o f  s a m p l e d  
d a t a ,  c a n  be a c c o m p l i s h e d  by u s i n g  a z e r o  o r d e r  h o l d  s y s t e m ,
2 0i n  c o n j u n c t i o n  w i t h  a d d i t i o n a l  f i l t e r i n g  t o  s mo o t h  t h e  s i g n a l  .
A z e r o  o r d e r  h o l d  s y s t e m  d e s a m p l e s  a n  i m p u l s e  t r a i n  by 
c l a m p i n g  t h e  a m p l i t u d e  o f  e a c h  i m p u l s e  t o  a c o n s t a n t  l e v e l  u n t i l  
a s u b s e q u e n t  i m p u l s e  a r r i v e s .  I f  t h e  PAM s i g n a l . f ( t )  i s  s u b ­
j e c t e d  t o  a z e r o  o r d e r  h o l d  s y s t e m  t h e  r e s u l t a n t  s i g n a l  f ^ ( t )  
h a s  a  s t a i r c a s e  e f f e c t  a s  shown i n  F i g .  2 - 6 .
fB(t)
T 2 T 3 T
FI G.  2 - 6 .  OUTPUT OF A ZERO ORDER HOLD SYSTEM
The z e r o  o r d e r  h o l d  f r e q u e n c y  r e s p o n s e  c h a r a c t e r i s t i c s
2 2G ( j t O )  a r e  g i v e n  by Eqn.  ( 2 - 8 )  .
G(juu>) = T SIN( Tso->/2) g-jTs uj/2 (2-8)
S Tsa>/2
The a m p l i t u d e  s p e c t r u m  o f  f  ( t )  i s  s u p e r i m p o s e d  upon  t h e  
a m p l i t u d e  c h a r a c t e r i s t i c s  o f  G ( j u > )  i n  F i g .  2 - 7 ,  t o  show 
t h e  f i l t e r  c h a r a c t e r i s t i c s  o f  t h e  z e r o  o r d e r  h o l d  s y s t e m .









- - - 1 8 0
FI G.  ( 2 - 7 ) .  AMPLITUDE AND PHASE CHARACTERISTICS OF G ( j a j )
The a m p l i t u d e  a nd  p h a s e  c h a r a c t e r i s t i c s  F . . ( j c o )  o f  f  ( t )
H H
a r e  g i v e n  by Eqn.  ( 2 - 9 ) .
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2 h
= X




F ( ]u-> -  j naJs ) 
n  J J 5
n = -oo






A d d i t i o n a l  f i l t e r i n g  i s  n e c e s s a r y  t o  s moo t h  ^ ( t )  by 
f u r t h e r  a t t e n u a t i n g  t h e  p o r t i o n  o f  t h e  s i d e b a n d s  o f  t h e  PAM 
s i g n a l  w h i c h  h a v e  b e e n  p a s s e d  by t h e  z e r o  o r d e r  h o l d  d e s a m p l e r .  
I d e a l l y ,  a l ow p a s s  f i l t e r  H( j CO)  s h o u l d  be u s e d  wh i c h  h a s  u n i t y  
g a i n  c h a r a c t e r i s t i c s  i n  t h e  p a s s b a n d  0 - c o * m a n d  i n f i n i t e  
a t t e n u a t i o n  o u t s i d e  t h e  p a s s b a n d  a s  shown i n  F i g .  ( 2 - 8 )  a n d  
g i v e n  by Eqn.  ( 2 - 1 0 ) .
H(juj) I













FI G.  ( 2 - 8 ) .
'H  H
IDEAL LOW PASS FILTER CHARACTERISTICS
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H ()") * A M  e 
A M  = 1.0 , |u-> I -  I ^ m I
A M  = 0 , \ c u  | > | o / M |
8 M  = K (uj
K, ~ Constant (2-10)
S m o o t h i n g  f  ( t )  by s u c h  a  f i l t e r  wou l d  r e s u l t  i n  t h e  H
c o m p l e t e  r e c o n s t r u c t i o n  o f  t h e  s i g n a l  i n  i t s  t i m e  n o r m a l i z e d  
f o r m a s  shown by Eqn.  ( 2 - 1 1 ) .
F (jco) • H (jco)
oO
Ts tx>/2
J T gm/2 $ I N ( T 5uj / 2  )    ^  ^ ^ _ ie (^ »)
n=-°0
e f r / 2 * W ) . ^ 2 ) #
T.co/2 h
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Now w i t h ;
S I N ( V » / 2 )
Ts<u/2 -  KO
to  «  cOg (2 -12)
Fn ( j o u )  w i t h  a l i n e a r  p h a s e  t e r m  r e s u l t s .  T h i s  c o r r e s p o n d s  t o
f ( t )  w i t h  a t i me  d e l a y ,  n
To sum up t h e  p r e p r o c e s s i n g  p h a s e  o f  t h e  a n a l y s i s ,  t h e  
s y s t e m  s e g m e n t s  t h e  s i g n a l  i n t o  c h a r a c t e r i s t i c  p a t t e r n s ,  e x t r a c t s  
a n d  s t o r e s  a t i m e  d u r a t i o n  p a r a m e t e r  f o r  e a c h  p a t t e r n ,  and  s u b ­
s e q u e n t l y  t i me  n o r m a l i z e s  e a c h  o f  t h e  p a t t e r n s  o r  w a v e f o r m s  i n  
t h e  s i g n a l  w i t h o u t  d i s t o r t i n g  t h e i r  c h a r a c t e r i s t i c  s h a p e s ,  s u c h
t h a t  a c o n t i n u o u s  s i g n a l  f  ( t )  w i t h  a f u n d a m e n t a l  f r e q u e n c y  o fn
i  h e r t z  r e s u l t s .
N
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C. F o u r i e r  A n a l y s i  s
A f u n c t i o n  y ( t )  d e f i n e d  o v e r  an  i n t e r v a l  0 -  T s e c o n d s  c a n  
be  e x p r e s s e d  i n  t e r m s  o f  a F o u r i e r  s e r i e s  a s  g i v e n  i n  Eqn.  ( 2 - 1 3 ) ,
oO
y(t )= + X ( a k C O S u y  * b k S I N u j k t )  ( 2 - 1 3 )
k.-i
aj, = g'n'k ( 2 -  14)
k t
w h e r e  t h e  c o e f f i c i e n t s  a r e  d e f i n e d  a s  f o l l o w s :
| p  = - - - /  y(t)dt (2-15)
a k = y - / y ( t )  COScu^t dt  (2-16)
k s O , l , 2 , 3 ,  . . .
bk= ~ /  y ( t ) SIN a y  dt ( 2 - 1 7 )
k = I , 2 , 3 , 4 ,  . . .
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T h i s  F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  i s  n o t  d e p e n d e n t  upon  
t h e  p e r i o d i c i t y  o f  y ( t )  d e f i n i n g  t h e  f u n c t i o n  o n l y  on t h e  i n ­
t e r v a l  0 -  T s e c o n d s .  The p e r i o d i c i t y  o c c u r s  i n  t h e  F o u r i e r  
s e r i e s  r e p r e s e n t a t i o n  i t s e l f ,  wh i c h  c o n v e r g e s  t o  t h e  f u n c t i o n  
y ( t )  i n  t h e  i n t e r v a l  0 -  T and  t o  i t s  p e r i o d i c  e q u i v a l e n t  o u t ­
s i d e  t h e  i n t e r v a l .
I f  f  ( t )  i s  c o n s i d e r e d  a s  a s e r i e s  o f  f u n c t i o n s  f  ( t ) ,  n n^
f  ( t ) .............  d e f i n e d  o v e r  t h e  i n t e r v a l s  0 -  T,  T -  2 T , . . . . . ,
2
e a c h  T s e c o n d  s e g m e n t  o f  c a n  *3e d e s c r i b e d  by t h e  F o u r i e r
s e r i e s  o f  Eqn.  ( 2 - 1 3 ) .  F u r t h e r m o r e ,  i f  t h e  s i g n a l  i s  b a n d l i m i t
e d ,  o n l y  a f i n i t e  n u mb e r  o f  t e r m s  i n  t h e  s e r i e s  a r e  r e q u i r e d
t o  d e f i n e  t h e  c h a r a c t e r i s t i c  w a v e f o r m s  g i v e n  by f n ( t ) ,  f n ( t ) .
1 2
1.  Ampl i  t u d e  No r ma l i  z a t i o n
The F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  o f  a c h a r a c t e r i s t i c  
p a t t e r n  o r  wa v e f o r m d e p e n d s  n o t  o n l y  u p o n  t h e  s h a p e  o f  t h e  
p a t t e r n  b u t  on i t s  a m p l i t u d e .
Two p a t t e r n s  y ^ ( t ) ,  i d e n t i c a l  i n  s h a p e  b u t  w i t h
d i f f e r e n t  a m p l i t u d e s  a s  g i v e n  by Eqn.  ( 2 - 1 8 ) ,  w i l l  g i v e  d i f f e r ­
e n t  s e t s  o f  F o u r i e r  c o e f f i c i e n t s .
y ( t ) = Kz y2( t ) ( 2 - 1 8 )
K2 = CONSTANT
I n  o r d e r  t o  h a v e  a mor e  e f f i c i e n t  me t h o d  o f  r e p r e s e n t a t i o n  
a n o t h e r  n o r m a l i z a t i o n  p r o c e d u r e  m u s t  be  a p p l i e d  t o  make t h e  
F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  o f  a wa v e f o r m d e p e n d e n t  u p o n
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s h a p e  a n d  i n d e p e n d e n t  o f  a m p l i t u d e .
The a v e r a g e  p o w e r  P o f  a v o l t a g e  wa v e f o r m y ( t )  d i s s i p a t e d  
by a 1 ohm r e s i s t o r  i n  t h e  i n t e r v a l  0 -  T s e c o n d s  i s  g i v e n  by 
Eqn.  ( 2 - 1 9 ) .
T
( 2 - 1 9 )
0
P = -=r - /y2( t ) dt
In t e r m s  o f  t h e  F o u r i e r  c o e f f i c i e n t s  P i s  g i v e n  by Eqn.
2 3( 2 - 2 0 ) .
oo
Oo
2 ( \ + ^ ( 2 -  2 0 )
A m p l i t u d e  n o r m a l i z a t i o n  c a n  be  a c c o m p l i s h e d  by f i r s t
c o m p u t i n g  t h e  a v e r a g e  p o w e r  P^» P j v *  * ■ Pj«-* • » f o r  e a c h  o f  t h e
c h a r a c t e r i s t i c  w a v e f o r m s  f  ( t ) ,  f ( t ) . . . ,  f ( t ) . . . ,  r e s -n^ n2 n j
p e c t i v e l y .  I f  e a c h  o f  t h e  c h a r a c t e r i s t i c  w a v e f o r ms  i s  c o n ­
s t r a i n e d  t o  a n o r m a l i z e d  a v e r a g e  p o we r  P,  s u c h  t h a t ;
P =  P.Cj ( 2 - 2 1 )
C = C O N S T A N T  
i
t h e  r e s u l t a n t  F o u r i e r  c o e f f i c i e n t  p o w e r  e q u a t i o n  f o r  e a c h
f ( t )  i s  g i v e n  i n  Eqn .  ( 2 - 2 2 ) .  
n i
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T h e r e f o r e , ,  t o  a m p l i t u d e  n o r m a l i z e  f  ( t )  and  make t h e
1 n i
F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  i n d e p e n d e n t  o f  a m p l i t u d e  r e q u i r e s
t h a t  e a c h  o f  t h e  F o u r i e r  c o e f f i c i e n t s  be m u l t i p l i e d  by a f a c t o r  
^  •
The n o r m a l i z e d  F o u r i e r  c o e f f i c i e n t s  i n  t h e  s e r i e s  d e s -
I I
c r i b i n g  f n ( t )  c a n  be e x p r e s s e d  by a^  a n d  b^ , k » 1 ,  2 ,  3 . . .
I
Cl
V i l V k  ( 2 * 2 3 )
bk * i c~i \
To s u m m a r i z e ,  e a c h  c h a r a c t e r i s t i c  wa ve f o r m f ( t )  i n  a
n i
b a n d l i m i t e d  b i o l o g i c a l  s i g n a l  c a n  be e x p r e s s e d  u n i q u e l y  by a 
s e t  o f  p a r a m e t e r s  g i v e n  by t *i e  d u r a t i o n  p a r a m e t e r ,
t h e  p o w e r  p a r a m e t e r  a nd  a f i n i t e  n u mb e r  o f  s h a p e  p a r a m e t e r s
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1 1  ^ K '
- * %  flnd ^
d e t e r m i n e d  by t h e  b a n d w i d t h  o£ t h e  s i g n a l .
g i v e n  by a , a a n d  b, , w h e r e  k «  1 ,  2 ,  3 . . . n ;  n b e i n gO K K
2.  C o m p u t a t i o n  o f  F o u r ! e r  C o e f f i c i e n t s .
C o n s i d e r  t h e  r e s p o n s e  o f  a l i n e a r  undamped  o s c i l l a t o r  t o
24a f o r c i n g  f u n c t i o n  g ( t )  a s  d e s c r i b e d  by Eqn.  ( 2 - 2 4 )  .
X ( t ) + u ^ x ( t )  * g(t)  ( 2 - 2 4 )
Now l e t :
X ( 0 ) « 0  , X (0 )= 0
cok = J i t  (2 - 25)
g( t )  =■ y( t )  ( 2 -  2 6 )
Eqn.  ( 2 - 2 4 )  b e c o m e s :
X(t)  + i ^ k  X(t) = y( t )  ( 2 - 2 7 )
24The s o l u t i o n  t o  t h i s  e q u a t i o n  i s  g i v e n  by Eqn.  ( 2 - 2 8 )  and
Eqn* ( 2 - 2 9 )
X(t ) = / y C r )  SIN ( t - ? ) d ^  ( 2 - 2 8 )
X(t)  = /y(3")- COS ( 2 - 2 9 )
/  I
0
Th e s e  s o l u t i o n s  b e a r  a d i r e c t  r e l a t i o n s h i p  t o  t h e  e x p r e s s i o n s  
d e s c r i b i n g  t h e  F o u r i e r  c o e f f i c i e n t s  a^  a n d  b^ g i v e n  by Eqn.  ( 2 - 1 6 )  
a n d  Eqn .  ( 2 - 1 7 )  r e s p e c t i v e l y .
The a n a l o g u e  s y s t e m  shown i n  F i g .  ( 2 - 9 )  m e c h a n i z e s  Eqn.  ( 2 - 2 7 ) .






- y ( t ) o 2TTk
2TTk
2TTk
FIG, .  (2-9)->< ANALOGUE SYSTEM MECHANIZING EQUATION ( 2 - 2 7 )
The o u t p u t  o f  i n t e g r a t o r  1 a t  t i m e  t » T is g i v e n  i n  









2 °k ( 2 - 3 0 )
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S i m i l a r l y ,  t h e  o u t p u t  o f  i n t e g r a t o r  2 a t  t i m e  t  ■ T i s  
g i v e n  by Eqn.  ( 2 - 3 1 ) .
r
— X(T) - /  y(O-) SIN ^ ^ - { 1 - 9 - )  d?-
y(W S I N d y-
- I -  b ( 2 - 3 1 )
T h e r e f o r e ,  i t  c a n  be s e e n  t h a t  a n y  p a r t i c u l a r  s e t  o f  
F o u r i e r  c o e f f i c i e n t s  a a n d  b c a n  be s o l v e d  by m e c h a n i z i n g
K K
Eqn .  ( 2 - 2 7 )  u s i n g  s i m p l e  a n a l o g u e  t e c h n i q u e s .  Thus  n s e t s  o f
c o e f f i c i e n t s  a and  b , k « 1 ,  2 ,  3 . . . n ,  c a n  be s i m u l t a n e o u s l y  
k k
d e t e r m i n e d  by u s i n g  n p a r a l l e l  a n a l o g u e  c o m p u t e r  m o d u l e s  o f  t h e
t y p e  shown i n  F i g .  ( 2 - 9 ) .  Each m o d u l e  i s  i d e n t i c a l  e x c e p t  f o r
27Tk
t h e  p o t e n t i o m e t e r  s e t t i n g  — —  , i n  wh i c h  k » 1,  2 ,  3 . . . n ,  
c o r r e s p o n d i n g  t o  t h e  p a r t i c u l a r  F o u r i e r  c o e f f i c i e n t s  o f  t h e
\
h a r m o n i c  k ,  b e i n g  s o l v e d .
The DC t e r m  a Q o f  y ( t )  c a n  be  s o l v e d  by m e c h a n i z i n g  
Eqn.  ( 2 - 1 5 )  a s  g i v e n  by F i g .  2 - 1 0 .
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FI G.  2 - 1 0 .  MECHANIZATION OF EQUATION ( 2 - 1 5 )
At  t i m e  t  -  T t h e  o u t p u t  o f  i n t e g r a t o r s  i s  g i v e n  by 
Eqn.  ( 2 - 3 2 ) .
T
0
= a . ( 2 - 3 2 )
3.  C o m p u t a t i o n  o f  A v e r a g e  Power  P a r a m e t e r
A n o t h e r  s i m p l e  m e c h a n i z a t i o n  c a n  s o l v e  f o r  P ,  t h e  a v e r a g e  
p o w e r  f o r  a n y  p a r t i c u l a r  wa v e f o r m y ( t ) .
y ( t ) o •o p
FI G.  2 - 1 1 .  MECHANIZATION OF EQUATION ( 2 —19)
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The o u t p u t  o f  i n t e g r a t o r  6 a t  t i m e  t  ■ T i s  g i v e n  by 
E q n .  < 2 - 3 3 ) .
Thus  i t  c a n  be s e e n  t h a t  o n c e  t h e  b i o l o g i c a l  s i g n a l  i s  i n  
a  t i m e  n o r m a t i z e d  f o r m ,  w i t h  f u n d a m e n t a l  p e r i o d  T,  a n a l o g u e  
t e c h n i q u e s  c a n  be  a p p l i e d  t o  s o l v e  f o r  a l l  o f  t h e  p a r a m e t e r s  
n e c e s s a r y  f o r  q u a n t i f y i n g  e a c h  o f  t h e  c h a r a c t e r i s t i c  p a t t e r n s  
w i t h i n  t h e  s i g n a l .  The b e a u t y  o f  t h e s e  t e c h n i q u e s  l i e s  i n  
t h e i r  a b i l i t y  t o  c a r r y  o u t  t h e s e  c o m p u t a t i o n s  w i t h i n  t h e  d u r a ­
t i o n  T o f  e a c h  w a v e f o r m .  T h i s  a l l o w s  t h e  e n t i r e  s i g n a l  t o  be 
p r o c e s s e d  i n  a s moo t h  c o n t i n u o u s  m a n n e r .
y2^ )  d 9- P ( 2 - 3 3 )
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I I I .  PROPOSED IMPLEMENTATION
A. Time Norma I i za t  i o n  
1.  S e g m e n t a t  i o n
O n l i n e  r e c o r d i n g  o f  l a r g e  a m o u n t s  o f  b i o l o g i c a l  s i g n a l
d a t a  c a n  be c a r r i e d  o u t  by t h e  u s e  o f  m a g n e t i c  t a p e  r e c o r d e r s .
FM r e c o r d s  h a v e  b a n d w i d t h s  t h a t  go down t o  DC a n d  a r e  e s p e c i a l l y
s u i t a b l e  f o r  r e c o r d i n g  a c l a s s  o f  b i o l o g i c a l  s i g n a l s  t h a t  a r e
25
s l o w l y  v a r y i n g  o r  t h a t  h a v e  DC c o m p o n e n t s
Once a b i o l o g i c a l  s i g n a l  h a s  b e e n  r e c o r d e d  t h e  p r o b l e m  o f
s e g m e n t i n g  t h e  s i g n a l  i n t o  c h a r a c t e r i s t i c  p a t t e r n s  a r i s e s .
S t e i n b e r g * ^ ,  e t  a l , a s  d i s c u s s e d  p r e v i o u s l y ,  s o l v e d  t h e  p r o b l e m
f o r  a p a r t i c u l a r  c l a s s  o f  ECG s i g n a l s  by u s i n g  a c o m p u t e r  p r o g r a m
t o  d e t e c t  a c h a r a c t e r i s t i c  p o i n t  i n  t h e  s i g n a l  wh i c h  i s  r e c u r r e n t
a n d  d e l i m i t s  o n e  c a r d i a c  c y c l e  f r om a n o t h e r .  S e g m e n t i n g  a g e n e r a l
c l a s s  o f  b i o l o g i c a l  s i g n a l s  by c o m p u t e r  t e c h n i q u e s  wo u l d  r e q u i r e
e i t h e r  a s e p a r a t e  p r o g r a m  f o r  e a c h  p a r t i c u l a r  c l a s s  o f  s i g n a l s
t o  be p r o c e s s e d ,  o r  a g e n e r a l i z e d  p a t t e r n  r e c o g n i t i o n  c a p a b i l i t y
by a c o m p u t e r .  A l e s s  a n a l y t i c ,  y e t  s i m p l e r  a p p r o a c h  t o  t h e
p r o b l e m  wo u l d  be t o  u s e  a s e m i - a u t o m a t i c  s y s t e m  i n c o r p o r a t i n g
t h e  p a t t e r n  r e c o g n i t i o n  c a p a b i l i t i e s  o f  a human o p e r a t o r .
C o n s i d e r  a b i o l o g i c a l  s i g n a l  r e c o r d e r  a t  h i g h  t a p e  s p e e d s
VD and  s u b s e q u e n t l y  r e p l a y e d  a t  g r e a t l y  r e d u c e d  s p e e d s  V_.  The K p
r e l a t i o n s h i p  b e t w e e n  t h e  r e c o r d e d  s i g n a l  f r e q u e n c i e s  FR a n d  t h e
2 6p l a y b a c k  f r e q u e n c i e s  Fp i s  g i v e n  by Eqn.  ( 3 - 1 )
_ I E .  ( 3 - 1  )
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T h i s  t a p e  t e c h n i q u e ,  i n  m o s t  c a s e s ,  c a n  b r i n g  t h e  b i o ­
l o g i c a l  s i g n a l  down t o  a  f r e q u e n c y  w h i c h  i s  w e l l  w i t h i n  t h e  
r e a c t i o n  t i m e  o f  a human o p e r a t o r .  The o p e r a t o r ,  a b i o m e d i c a l  
t e c h n i c i a n ,  c o u l d  m o n i t o r  t h e  s i g n a l  on an  o s c i l l o s c o p e  and  
i d e n t i f y  p o i n t s  w i t h i n  t h e  s i g n a l  t h a t  d e f i n e  t h e  b e g i n n i n g  
a n d  e nd  o f  e a c h  c h a r a c t e r i s t i c  p a t t e r n .  The s e  c h a r a c t e r i s t i c  
p o i n t s  may t a k e  t h e  f o r m o f  a z e r o  c r o s s i n g ,  a maxi ma  o r  m i n i m a ,  
o r  a  p o i n t  o f  maximum p o s i t i v e  o r  n e g a t i v e  s l o p e  w i t h i n  c e r t a i n  
s e g m e n t s  o f  t h e  s i g n a l .  U s i n g  h i s  p a t t e r n  r e c o g n i t i o n  c a p a b i ­
l i t i e s  t h e  o p e r a t o r  c a n ,  by w a t c h i n g  t h e  o s c i 11o s c o p i c  t r a c e  o f  
t h e  s i g n a l ,  p r e d i c t  when s u c h  a c h a r a c t e r i s t i c  p o i n t  i s  l i k e l y  
t o  o c c u r .
I f  a d e t e c t o r  i s  e n g a g e d  a t  t h i s  t i m e  wh i c h  i s  s e n s i t i v e  
t o  t h e  p a r t i c u l a r  f o r m o f  t h e  s i g n a l  wh i c h  i n d i c a t e s  a c h a r a c t e r ­
i s t i c  p o i n t  ( i . e .  a maxi ma  o r  m i n i m a )  an  o u t p u t  f r o m t h e  d e t e c t o r  
w i l l  c o i n c i d e  w i t h  t h e  o c c u r e n c e  o f  t h i s  p a r t i c u l a r  p o i n t  i n  
t h e  s i g n a l .  Wi th s u c h  s e m i - a u t o m a t i c  t e c h n i q u e s  t h e  r e s o l u t i o n  
o f  t h e  o p e r a t o r ' s  p a t t e r n  r e c o g n i t i o n  f a c u l t i e s  i s  i m p r o v e d .
U s i n g  t h e  o u t p u t  o f  t h e  d e t e c t o r  t o  t r i g g e r  a m o n o s t a b l e  
m u l t i v i b r a t o r ,  a s e q u e n c e  o f  s y n c h r o n i z a t i o n  p u l s e s  o c c u r .  I f  
t h e s e  p u l s e s  a r e  r e c o r d e d  s i m u l t a n e o u s l y  on a n o t h e r  t r a c k  o f  
t h e  m a g n e t i c  t a p e  wh i c h  c o n t a i n s  t h e  s i g n a l  i n f o r m a t i o n ,  t h e  
s i g n a l  h a s  i n  e f f e c t  b e e n  s e g m e n t e d  i n t o  a s e q u e n c e  o f  c h a r a c t e r ­
i s t i c  p a t t e r n s  a s  r e p r e s e n t e d  i n  F i g .  3 - 1 .
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SYNC
FI G.  3 - 1 .  SYNCHRONIZATION PULSES
V a r l a b l e Ra t e  Satnpl i n g
The t i m e  n o r m a l i z a t i o n  p h a s e  o f  t h i s  b i o l o g i c a l  s i g n a l
a n a l y s i s  s y s t e m  c a n  be i m p l e m e n t e d  w i t h  t h e  u s e  o f  a s m a l l  d i g i -
27
t a l  c o m p u t e r  l i k e  t h e  PDP-8 s e r i e s  w h i c h  h a s  p e r i p h e r a l  f a c i ­
l i t i e s  f o r  A/D a nd  D/A c o n v e r s i o n ;  i n  a d d i t i o n  t o  m a g n e t i c  t a p e  
d a t a  s t o r a g e  f a c i l i t i e s .
T h i s  s t e p  i n  t h e  p r o c e d u r e  r e q u i r e s  t h e  c o m p u t e r  t o  p r o c e s s  
t h e  i n f o r m a t i o n  on t h e  s y n c h r o n i z a t i o n  t r a c k  o f  t h e  t a p e  b e a r i n g  
t h e  s i g n a l  i n f o r m a t i o n .  T h i s  i n v o l v e s  s t o r i n g  i n  memory t h e  
t i m e  a t  wh i c h  t h e  l e a d i n g  e d g e  o f  e a c h  p u l s e  o c c u r s ,  a nd  s u b s e ­
q u e n t l y  c a l c u l a t i n g  a n d  s t o r i n g  t h e  t i m e  i n t e r v a l  b e t w e e n  p u l s e s .  
T h i s  s t e p  e s t a b l i s h e s  t h e  v a l u e  o f  t h e  d u r a t i o n  p a r a m e t e r  A T ^  
f o r  e a c h  c h a r a c t e r i s t i c  w a v e f o r m .
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Wi t h  t h e  t i m i n g  i n f o r m a t i o n  i n  memor y ,  and  a n  a d d i t i o n a l  
b i t  o f  i n f o r m a t i o n  s p e c i f y i n g  N, t h e  n u mb e r  o f  s a m p l e s  r e q u i r e d  
p e r  w a v e f o r m ,  a s  g i v e n  by Eqn .  ( 2 - 1 ) ,  t h e  c o m p u t e r  h a s  a l l  t h e  
e s s e n t i a l  d a t a  s t o r e d  t o  c a r r y  o u t  a v a r i a b l e  r a t e  s a m p l i n g  
p r o c e d u r e .  A p r o v i s i o n ,  a t  t h i s  p o i n t ,  mu s t  be made  f o r  h a v i n g  
a c a p a b i l i t y  o f  f i l t e r i n g  t h e  s i g n a l  b e f o r e  s a m p l i n g ,  i f  t h e r e  
i s  a n y  l i k e l y h o o d  t h a t  a l i a s i n g  w i l l  o c c u r .  Some f i l t e r  t e c h ­
n i q u e s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
The s a m p l i n g  p r o c e d u r e  r e q u i r e s  t h e  c o m p u t e r  t o  m o n i t o r  
b o t h  t h e  s i g n a l  a n d  s y n c h r o n i z a t i o n  t r a c k s  o f  t h e  t a p e .  The 
s y n c h r o n i z a t i o n  p u l s e  c o n t r o l s  t h e  s a m p l i n g  r a t e  s u c h  t h a t  u p o n
t h e  i n c i d e n c e  o f  t h e  i * t h  p u l s e  t h e  s a m p l i n g  r a t e  o f  t h e  D/A
Nc o n v e r t e r ,  o p e r a t i n g  on t h e  s i g n a l  i s  - • , a s  g i v e n  by Eqn.
A Ti
( 2 - 2 ) .  A l t e r n a t i v e s  f o r  i m p l e m e n t i n g  t h e  c a p a b i l i t y  o f  v a r y i n g  
t h e  s a m p l i n g  r a t e  f r om p e r i o d  t o  p e r i o d  c o u l d  u s e  c o u n t e r s  t o  
m o n i t o r  t h e  n u mb e r  o f  s a m p l e s  t a k e n ,  o r  t h e  c l o c k  t i m e  e l a p s e d ,  
a nd  u s e  t h i s  i n f o r m a t i o n  a s  a - b a s i s  f o r  c h a n g i n g  t h e  s a m p l i n g  
r a t e .
The d i g i t i z e d  i n f o r m a t i o n  i s  s e q u e n t i a l l y  s t o r e d  on b i n a r y  
m a g n e t i c  t a p e  s u c h  t h a t  N s a m p l e s  a r e  r e c o r d e d  p e r  c h a r a c t e r i s ­
t i c  w a v e f o r m .  A s a m p l e d  v a l u e  c a n  be  c o n v e r t e d  i n t o  a 12 b i t  
b i n a r y  n u m b e r  and  s t o r e d  on t a p e  a p p r o x i m a t e l y  e v e r y  2 50  m i c r o ­
s e c o n d s ,  o r  a t  a maximum r a t e  o f  4Khz ,  u s i n g  a t y p e  138E a n a l o g
2 7t o  d i g i t a l  c o n v e r t e r  a n d  t h e  D i g i t a l  D e c t a p e  s y s t e m  .
3.  D a t a  R e c o n s t r u e t i o n
The t i m e  n o r m a l i z a t i o n  i s  c o m p l e t e d  by u s i n g  t h e  c o m p u t e r  
t o  r e a d  o u t  i n  s e q u e n c e  t h e  d a t a  s t o r e d  on t h e  d i g i t a l  t a p e  a t
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a c o n s t a n t  r a t e  o f  ■“ Hz.  The d a t a  i s  s i m u l t a n e o u s l y  r e c o n ­
s t r u c t e d  i n t o  i t s  a n a l o g u e  f o r m by a D/A c o n v e r t e r .  I n  a d d i ­
t i o n  t o  i t s  c o n v e r s i o n  p r o p e r t i e s  t h e  D/A c o n v e r t e r  a c t s  a s  a 
z e r o  o r d e r  h o l d  s y s t e m  by o p e r a t i n g  c o n t i n u o u s l y  u p o n  t h e  
r e g i s t e r  t o  wh i c h  t h e  d i g i t a l  d a t a  f r om t h e  t a p e  i s  b e i n g  t r a n s ­
f e r r e d .  A l o n g  w i t h  t h e  s i g n a l  i n f o r m a t i o n ,  i t  i s  n e c e s s a r y  t o  
p r o d u c e  a n o r m a l i z e d  s y n c h r o n i z a t i o n  p u l s e  wh i c h  o c c u r s  e v e r y  
t i m e  N d a t a  p o i n t s  a r e  r e a d  o u t  o f  t h e  c o m p u t e r .  T h i s  t i m i n g  
i n f o r m a t i o n  w i l l  s u b s e q u e n t l y  be  u s e d  t o  c o n t r o l  t h e  a n a l o g u e  
p h a s e  o f  t h e  a n a l y s i s .
The r e c o n s t r u c t i o n  i s  c o m p l e t e d  by s m o o t h i n g  t h e  t i me  
n o r m a l i z e d ,  a n a l o g u e  s i g n a l  o u t p u t  f r om t h e  c o m p u t e r  a n d  r e c o r d ­
i n g  t h e  d a t a  on  o n e  t r a c k  o f  t a p e  w h i l e  s i m u l t a n e o u s l y  r e c o r d ­
i n g  t h e  n o r m a l i z e d  s y n c h r o n i z a t i o n  p u l s e s  on a n o t h e r  t r a c k .
The p r e - p r o c e s s i n g  i s  t h u s  a c c o m p l i s h e d  by 3 c o m p u t e r  
r u n s ;  t h e  f i r s t  r u n  o b t a i n s  t h e  p a r a m e t e r s ,  t h e  s e c o n d
s a m p l e s  t h e  i ’ t h  s e g m e n t  a t  t h e  c o r r e c t  r a t e ,  a nd  t h e  t h i r d  
r e a d s  o u t  t h e  d a t a  a t  a c o n s t a n t  r a t e .
The i d e a l  l ow p a s s  f i l t e r  c h a r a c t e r i s t i c s  g i v e n  by 
H ( j o j )  i n  Eqn.  ( 2 - 1 0 ) ,  c a n  be a p p r o x i m a t e d  by u s i n g  a t h i r d  
o r d e r  l ow p a s s  B u t t e r w o r t h  f i l t e r .  The a p p r o x i m a t i o n  i s  
v a l i d  i f  t h e  l o w p a s s  f i l t e r  d e s i g n e d  h a s  a 3 d b .  b a n d w i d t h
w e l l  b e y o n d  t h e  b a n d w i d t h  cu * o f  t h e  s i g n a l ,  y e t  s i g n i f i c a n t l ym
a t t e n u a t e s  t h e  s i d e b a n d s  g e n e r a t e d  by t h e  z e r o  o r d e r  h o l d
p r o c e s s ,  ( s e e  F i g .  2 - 7 ) .
An a c t i v e  3 r d  o r d e r  f i l t e r  w i t h  a n o r m a l i z e d  t r a n s f e r
28
f u n c t i o n  g i v e n  by Eqn.  ( 3 - 2 )  , i s  shown i n  F i g *  3 - 2 a .
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H(s)  ■ s3 .  (24 * l ) s 2 * (2<5 ♦ l)s + I ( 3 - 2  )
T h i s  c i r c u i t  f o r  a l ow p a s s  f i l t e r  was  c o n s t r u c t e d  a n d  t e s t e d ,  
a n d  a r e s p o n s e  f o r  a p a r t i c u l a r  s e t  o f  c o mp o n e n t  v a l u e s  i s  
g i v e n  i n  F i g .  3 - 2 b .
•The o p e r a t i o n a l  a m p l i f i e r  u s e d  i n  t h i s  f i l t e r  i s  a R a t h e o n  
RM 709 i n t e g r a t e d  c i r c u i t  o p e r a t i o n a l  a m p l i f i e r .  F i g .  3 - 3  
g i v e s  a c o n n e c t i o n  d i a g r a m  f o r  t h e  RM 709 a l o n g  w i t h  t h e  a s s o ­
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FIG* 3 - 2 b *  FREQUENCY RESPONSE AND COMPONENT VALUES 
OF 3 r d  ORDER ACTIVE BUTTERWORTH FILTER
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B. A n a l o g u e  Sy s t e m
A t e s t  mo d u l e  f o r  o n e  h a r m o n i c ,  was  b u i l t  t o  i l l u s t r a t e  
t h e  s i m p l i c i t y  o f  i m p l e m e n t i n g  t h e  F o u r i e r  a n a l y z e r  o f  F i g .  2 - 9 .  
The a n a l o g u e  mo d u l e  was  m o d i f i e d  s l i g h t l y  t o  o p e r a t e  on t h e  
s i g n a l  y ( t )  i t s e l f  r a t h e r  t h a n  on i t s  i n v e r t e d  f o r m - y ( t ) .
A s c h e m a t i c  o f  t h e  mo d u l e  i s  g i v e n  i n  F i g .  3 - 4 .  The 
o p e r a t i o n a l  a m p l i f i e r s  u s e d  i n  t h i s  u n i t  a r e  i d e n t i c a l  t o  t h e  
o n e  u s e d  i n  t h e  a c t i v e  f i l t e r  n e t w o r k  d i s c u s s e d  p r e v i o u s l y .
The t i m i n g  p u l s e s  a r e  u s e d  t o  o p e r a t e  a DPST NO r e e d  r e l a y  
wh i c h  r e s e t s  t h e  c o m p u t e r  t o  z e r o  i n i t i a l  c o n d i t i o n s  a t  t h e  
o n s e t  o f  e a c h  c h a r a c t e r i s t i c  w a v e f o r m .  T h i s  i s  d o n e  by s h o r t i n g  
t h e  f e e d b a c k  c a p a c i t o r s  on t h e  i n t e g r a t o r s  m o m e n t a r i l y  a n d  t h e n  
a l l o w i n g  t h e  c o m p u t a t i o n  t o  p r o c e e d  f o r  T s e c o n d s  a t  wh i c h  t i me  
a n o t h e r  t i m i n g  p u l s e  o c c u r s ,  c o i n c i d e n t  w i t h  t h e  n e x t  w a v e f o r m .
To t e s t  t h e  m o d u l e ,  two s i g n a l s  w i t h  known s p e c t r a l  p r o ­
p e r t i e s  we r e  p r o d u c e d  by a f u n c t i o n  g e n e r a t o r ;  n a m e l y ,  a s q u a r e  
wave  a n d  a c o s i n e  wa ve .  I n  b o t h  c a s e s  t h e  a m p l i t u d e s  o f  t h e  
s i g n a l s  we r e  s e t  t o  1 . 0  v o l t  p e a k  a n d  t h e  p e r i o d s  t o  2 . 0  s e c o n d s .  
The v a l u e  o f  T « 2 . 0  s e c o n d s  was  c h o s e n  i n  o r d e r  t o  c a n c e l  t h e  
f a c t o r  T/ 2  o f  Eqn.  ( 2 - 3 0 )  a n d  Eqn.  ( 2 - 3 1 ) ,  and  p r o d u c e  a s o l u ­
t i o n  t o  t h e  a a n d  b c o e f f i c i e n t s  d i r e c t l y .  The t i m i n g  p u l s e s *K R
a l s o  p r o d u c e d  by a f u n c t i o n  g e n e r a t o r ,  we r e  s y n c h r o n i z e d  t o  t h e  
t e s t  s i g n a l s .
The c o s i n e  a n d  s i n e  c o e f f i c i e n t s  a,  and  b, f o r  t h e  f i r s tk k
h a r m o n i c  i n  t h e  F o u r i e r  s e r i e s  a r e  r e s p e c t i v e l y ,  1 . 0  a nd  0 . 0  
f o r  t h e  c o s i n e ,  a nd  0 . 0  a n d  1 . 2 7  f o r  t h e  s q u a r e  wa v e .  The 
f o l l o w i n g  f i g u r e s  i l l u s t r a t e  t h e  o p e r a t i o n  o f  t h e  c o m p u t e r  
mo d u l e  a nd  t h e  s o l u t i o n s  i t  g e n e r a t e d .
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* 7
0 .5  v /  div.
1 . 0  v /  div.
0 . 5  s e c . / d i v .
FI G,  3 - 5 e .  SQUARE WAVE AND SOLUTION TO b R COEFFICIENT
The v a l u e  o f  t h e  c o e f f i c i e n t s  a,  and  b , c a n  be r e a d  a tk k
t h e  p o i n t  whe r e  t h e  s i g n a l  wa v e f o r m h a s  c o m p l e t e d  o n e  c y c l e .
T h e s e  v a l u e s  c o i n c i d e  w i t h  t h e  t h e o r e t i c a l  v a l u e s  g i v e n .  The 
r e s e t  t i m e  o f  1 ms ec  wh i c h  i s  t h e  o p e r a t i n g  t i m e  o f  t h e  r e e d  
r e l a y  u s e d  i n  t h i s  mo d u l e  d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  
r e s u l t s  o f  t h e  c o m p u t a t i o n .  F a s t e r  r e s e t  t i m e s  c a n  be a c c o m p l i s h e d  
by u s i n g  e l e c t r o n i c  s w i t c h e s ,  a t  t h e  e x p e n s e  o f  g r e a t e r  com­
p l e x i t y  a n d  l e a k a g e  c u r r e n t  p r o b l e m s .
U s i n g  a p a r a l l e l  bank  o f  s u c h  m o d u l e s ,  o n e  t o r  e a c h  h a r m o ­
n i c  t o  be a n a l y z e d ,  a c o m p l e t e  s e t  o f  F o u r i e r  c o e f f i c i e n t s  c a n  
be g e n e r a t e d  f o r  e a c h  o f  t h e  c h a r a c t e r i s t i c  w a v e f o r m s  i n  t h e  
s i g n a l .
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S i n c e  t h e  F o u r i e r  c o e f f i c i e n t  d a t a ,  i n  a d d i t i o n  t o  t h e
a v e r a g e  p o w e r  a nd  a^  p a r a m e t e r s ,  a r e  g e n e r a t e d  s i m u l t a n e o u s l y
by'  t h e  a n a l o g u e  s y s t e m  e v e r y  T s e c o n d s ,  a p a r a l l e l  m e t h o d  o f
m o n i t o r i n g  many c h a n n e l ' s  o f  i n f o r m a t i o n  mu s t  be i m p l e m e n t e d .
20I f  e v e r y  c h a n n e l  i s  c o n n e c t e d  t o  a h o l d i n g  c i r c u i t  , d r i v e n  
by a l ow i m p e d a n c e  s o u r c e  a s  shown i n  F i g .  3 - 6 ,
°  k  ° ~
I N P U T
b k ° -
FI G.  3 - 6 .  DATA HOLD SYSTEM 
a n d  o p e r a t e d  by a p a r a l l e l  s e t  o f  s w i t c h e s ,  t h e  v a l u e  o f  t h e
c o e f f i c i e n t s  c a n  be s t o r e d  a s  p o t e n t i a l s  i n d u c e d  upon  t h e  c a p a -
\
c i t o r s .
The s w i t c h e s  a r e  o p e r a t e d  by t h e  same t i m i n g  p u l s e s  wh i c h
r e s e t  t h e  F o u r i e r  a n a l y z e r ,  a n d  t h e r e b y  r e g i s t e r  t h e  v a l u e s  o f
t h e  F o u r i e r  c o e f f i c i e n t s ,  i n  a d d i t i o n  t o  a a n d  P . ,  a t  t h e  endo i
o f  t h e  c o m p u t a t i o n  c y c l e  o f  T s e c o n d s .  T h i s  d a t a  i s  s u b s e q u e n t l y  
h e l d  u n t i l  a n o t h e r  d a t a  s e t  i s  g e n e r a t e d  T s e c o n d s  l a t e r .  To 
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p u r p o s e  A/D c o n v e r t e r  and  m u l t i p l e x e r  c o n t r o l  f a c i l i t i e s  c a n  
be u s e d .  Wi th t h i s  e q u i p m e n t  a s  many a s  64 c h a n n e l s  o f  a n a l o g u e  
d a t a  c a n  be c o n v e r t e d  i n t o  12 b i t  d i g i t a l  n u m b e r s  a t  a r a t e  o f  
415  t i m e s  p e r  s e c o n d .  At  t h i s  s t a g e  i t  i s  n e c e s s a r y  t o  c a r r y  
o u t  t h e  s i m p l e  c o m p u t a t i o n s * g i v e n  by Eqn.  ( 2 - 2 3 )  t o  a m p l i t u d e  
n o r m a l i z e  t h e  F o u r i e r  c o e f f i c i e n t s .
The r e s u l t a n t  p r i n t e d  o u t p u t  o f  t h e  a ^ , P ^ ,  and  a m p l i t u d e  
n o r m a l i z e d  F o u r i e r  c o e f f i c i e n t s  c a n  be a c c o m p l i s h e d  s e v e r a l  ways  
d e p e n d i n g  upon  t h e  r a t e  a t  wh i c h  t h e s e  p a r a m e t e r s  a r e  g e n e r a t e d .  
( 1 / T  s e t s  p e r  s e c o n d )  A c o m p r e h e n s i v e  me t h o d  wo u l d  i n c l u d e  t h e  
u s e  o f  b i n a r y  m a g n e t i c  t a p e  t o  s t o r e  t h e  d a t a ,  a n d  t h e  s u b s e q u e n t  
o u t p u t t i n g  o f  t h i s  i n f o r m a t i o n  a t  a r a t e  c o m p a t i b l e  w i t h  a T e l e ­
t y p e  u n i t .
The f o l l o w i n g  b l o c k  d i a g r a m s  s u mma r i z e  t h i s  p r o p o s a l  f o r  
t h e  i m p l e m e n t a t i o n  o f  a s y s t e m  f o r  t h e  q u a n t i f i c a t i o n  o f  p a t t e r n s  
i n  b i o l o g i c a l  s i g n a l s .
'  V I S U A L  
D I S P L A Y
O P E R A T O R '
W  D E T E C T O R
S E G M E N T E D  S I G N A L
S W I T C H
P U L S E
G E N E R A T O R
W R I T E
R E A D
T A P E D
S I G N A L
I N F O R M A T I O N
FI G.  3 - 7 .  SEGMENTATION INTO CHARACTERISTIC PATTERNS
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FI G.  3 - 8 .  MEASUREMENT, STORAGE AND OUTPUT OF DURATION 
PARAMETERS
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FIG* 3 -9 *  VARIABLE RATE SAMPLING SYSTEM
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F I L T E R
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D. CSMP S i m u l a t i o n  R e s u 1 t s
31
T h r e e  CSMP ( C o n t i n u o u s  S y s t e m M o d e l l i n g  P r o g r a m )  s i m u l a ­
t i o n s  we r e  p e r f o r m e d  t o  s u p p o r t  t h e  p r o p o s a l  g i v e n  i n  t h i s  t h e s i s .  
The f i r s t  was  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  
f r o m t h e  F o u r i e r  a n a l y z e r  m o d u l e ,  t h e  s e c o n d  s i m u l a t e d  t h e  t i m e  
n o r m a l i z a t i o n  a n d  F o u r i e r  a n a l y s i s  p h a s e  o f  t h e  p r o p o s a l ,  a n d  
t h e  t h i r d  c o n s i d e r e d  t h e  e f f e c t  o f  e r r o r s ,  i n  t h e  s i g n a l  s e g ­
m e n t a t i o n  p r o c e s s  u p o n  t h e  f i n a l  r e s u l t s  o f  t h e  s i g n a l s  a n a l y s i s .  
Th e s e  s i m u l a t i o n  p r o g r a m s  a r e  l i s t e d  i n  t h e  a p p e n d i x .
The r e s u l t s  o f  t h e  f i r s t  s i m u l a t i o n ,  wh i c h  c a r r i e s  o u t  a 
F o u r i e r  a n a l y s i s  on a c o s i n e  a n d  s q u a r e  w a v e f o r m ,  a r e  shown 
g r a p h i c a l l y  i n  F i g .  3 - 1 2 a  a n d  F i g .  3 - 1 2 b .  Th e s e  s o l u t i o n s  c a n  
be c o mp a r e d  w i t h  t h e  s o l u t i o n s  o b t a i n e d  e x p e r i m e n t a l l y  on t h e  
a n a l o g u e  t e s t  mo d u l e  g i v e n  i n  F i g .  3 - 5 b  t o  F i g .  3 - 5 e .
The s e c o n d  s i m u l a t i o n  c a r r i e d  o u t  a t i me  n o r m a l i z a t i o n  
a n d  F o u r i e r  a n a l y s i s  on one  c y c l e  o f  a n o r ma l  ECG shown i n  
F i g .  1 - l e .  A mor e  c o m p l e t e  s i m u l a t i o n  o f  t h e  e n t i r e  s y s t e m  
i n c l u d i n g  s y n c h r o n i z a t i o n  p u l s e s  a n d  a f a c i l i t y  f o r  v a r i a b l e  
r a t e  s a m p l i n g  was  a t t e m p t e d ;  h o w e v e r ,  t h e  a r g u m e n t s  on t h e  
IMPDLS f u n c t i o n  wh i c h  e s t a b l i s h  t h e  s a m p l i n g  i n t e r v a l s  c o u l d  n o t  
be c h a n g e d  d u r i n g  t h e  c o u r s e  o f  t h e  s i m u l a t i o n .  As a r e s u l t  
t h e  a u t h o r  r e s o r t e d  t o  a s i m p l e r  s i m u l a t i o n .  The p r i n c i p a l  
r e s u l t s  o f  t h i s  p r o g r a m  a r e  g i v e n  i n  T a b l e  3 - 1  a n d  i l l u s t r a t e d  
g r a p h i c a l l y  i n  F i g .  3 - 1 3 .  The c u m u l a t i v e  AC p o w e r  c u r v e  g i v e n  
i n  F i g .  3 - 1 4  s hows  t h a t  9 9 . 99% o f  t h e  s i g n a l  p o we r  o f  t h i s  p a r t i ­
c u l a r  ECG i s  c o n t a i n e d  i n  t h e  f i r s t  20 h a r m o n i c s .
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FIG.3 12a. CSMP SIMULATION RESULTS FOR
FOURIER ANALYSIS OF COSINE 
■ WAVE FORM ( K = I) .
SEC
0 . 5 2.0
FIG. 3- l2b.  CSMP SIMULATION RESULTS FOR
L1 j-j....,...~i ti-rrr-r t i t i  i ^  t i t ::FOURIER ANALYSIS OF SQUARE . ■ i WAVEFORM ( K - I ) mi -n -?
^  i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 3 -1
a , P ,  a n d  F o u r i e r  C o e f f i c i e n t  P a r a m e t e r s  f o r  o
One C y c l e  o f  Normal  ECG (T -  2.0 s e c )
a Q Componen t  A v e r a g e  Power
6 . 8 4 5  1 5 . 8 3 4
k a k b k k a k b k
1 - 0 . 3 3 5 - 0 . 1 5 1 26 - 0 . 0 0 4 0 . 0 1 2
2 0 . 4 3 1 0 .  530 27 - 0 . 0 1 1 0 . 0 0 5
3 - 1 . 6 2 5 0 . 6 7 9 28 0 . 0 1 0 0 . 0 3 2
4 - 0 . 9 4 7 0 .  146 29 - 0 . 0 3 8 0 . 0 3 1
5 - 0 . 7  52 - 0 . 5 2 5 30 0 . 0 6 1 0 . 0 1 2
6 - 0 . Oj 7 - 0 . 7 8 3 31 - 0 . 0 6 1 0 . 0 1 6
7 0 .  609 —0 . 6 6 4 32 - 0 . 0 3 6 - 0 . 0 4 0
8 0 . 7 8 5 - 0 . 2 7 4 33 - 0 . 0 0 5 - 0 . 0 4 1
9 0 .  562 0 . 1 8 3 34 0 . 0 1 3 - 0 . 0 1 7
10 0 .  138 0 . 4 1 3 3 5 0 . 0 1 1 0 .  017
11 - 0 . 1 4 4 0 .  347 36 - 0 . 0 1 5 0 . 0 4 3
12 - 0 . 2 2 3 0 .  1 50 37 - 0 . 0 4 7 0 . 0 3 8
13 - 0 . 1 8 4 - 0 . 0 2 4 38 - 0 . 0 6 3 0 . 0 1 0
14 - 0 . 1 0 8 - 0 . 0 7 2 39 - 0 . 0 5 3 - 0 . 0 1 8
1 5 - 0 . 0 4 2 - 0 . 0 4 8 40 - 0 . 0 2 5 - 0 . 0 2 2
16 - 0 . 0 0 1 - 0 . 0 7 1 41 - 0 . 0 1 4 - 0 . 0 0 1
17 0 . 0 0 9 0 . 0 1 3 42 - 0 . 0 3 0 0 .  021
18 0 .  004 - 0 . 0 1 0 43 - 0 . 0 6 2 0 . 0 1 6
19 - 0 . 0 1 0 0 . 0 0 1 44 - 0 . 0 7 6 - 0 . 0 1 8
20 - 0 . 0 1 2 - 0 . 0 0 3 45 - 0 . 0 5 6 - 0 . 0 5 3
21 0 . 0 0 4 0 . 0 0 4 46 - 0 . 0 1 5 - 0 . 0 5 9
22 - 0 . 0 1 9 0 . 0 1  5 47 0 . 0 1 8 - 0 . 0 2 8
23 - 0 . 0 1 5 0 . 0 0 6 48 0 . 0 1 5 0 . 0 1  5
24 - 0 . 0 1 8 0 . 0 0 5 49 - 0 . 0 1 7 0 . 0 4 3
25 - 0 . 0 2 2 - 0 . 0 0 1 50 0 . 0 5 6 0 . 0 4 0
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TABLE 3 - 2
a , P ,  a n d  F o u r i e r  C o e f f i c i e n t  P a r a m e t e r s  f o r  o
One C y c l e  o f  Nor mal  ECG ( T -  0 . 4 3  s e c )  
a Q Component  A v e r a g e  Power
6 . 8 6 2  1 5 . 9 1 8
k a
k b k
1 - 0 . 3 3 5 - 0 . 1 4 1
2 0 . 4 3 7 0 .  535
3 - 1 . 6 2 3 0 . 6 9 9
4 - 0 . 9 4 2 - 0 . 1 5 8
5 - 0 . 7 5 5 - 0 . 5 0 9
6 - 0 . 0 3 0 - 0 . 7 7 2  .
, 7 0 .  585 - 0 . 6 6 6
8 0 .  760 - 0 . 2 9 1
9 0.  549 0 . 1  57
10 0 . 1 4 3 0 . 3 8 7
11 - 0 . 1 2 7 0 .  331
12 - 0 . 2 0 5 0 .  145
13 - 0 . 1 7 3 - 0 . 0 2 1
14 - 0 . 1 0 3 - 0 . 0 6 7
1 5 - 0 . 0 4 0 - 0 . 0 4 6
16 - 0 . 0 0 4 - 0 . 0 7 0
17 0 . 0 0 8 0 . 0 0 8
18 0 . 0 0 4 - 0 . 0 1 5
19 - 0 . 0 0 9 - 0 . 0 0 5
20 - 0 . 0 1 0 - 0 . 0 0 8
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To c o n f i r m  t h a t  no d i s t o r t i o n  r e s u l t s  f r om t h e  t i me  n o r m a l i ­
z a t i o n  p r o c e s s  t h e  same ECG was  a n a l y z e d  i n  i t s  u n n o r m a l i z e d  f o r m.  
(T -  0 . 4 3  s e c ) .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  3 . 2 .  A c o m p a r i s o n  
o f  t h e  d a t a  i n  T a b l e  3-1 g i v e s  a l m o s t  i d e n t i c a l  r e s u l t s .  Sma l l  
d i s c r e p a n c i e s  c an  be a t t r i b u t e d  t o  t h e  d i f f e r e n t  i n t e g r a t i o n  
m e t h o d s  u s e d  i n  t h e  s i m u l a t i o n s .
I n  t h e  t h i r d  s i m u l a t i o n  t h e  same ECG wa v e f o r m was u s e d ,  b u t  
i t  was s e g m e n t e d  s u c h  t h a t  t h e  r e s u l t a n t  c h a r a c t e r i s t i c  w a v e f o r m s  
a s s u m e d  d u r a t i o n s  o f  0 . 4 2 5 ,  0 . 4 2  a n d  0 . 4 1  s e c o n d s  r e s p e c t i v e l y .
A F o u r i e r  a n a l y s i s  was t h e n  p e r f o r m e d  on e a c h  o f  t h e s e  s e g m e n t s  
i n  o r d e r  t o  e s t a b l i s h  t o l e r a n c e  c r i t e r i a  f o r  t h e  s e g m e n t a t i o n  p r o ­
c e s s .  RMS e r r o r  c a l c u l a t i o n s  we r e  c a r r i e d  o u t  upon  t h e  r e s u l t s  o f  
t h e  a n a l y s i s  o f  t h e s e  s e g m e n t s ,  u s i n g  t h e  F o u r i e r  c o e f f i c i e n t s  o f  
t h e  0 . 4 3  s e c o n d  s e g m e n t  a s  t h e  nor m.  The r e s u l t s  and  c a l c u l a t e d  
e r r o r s  a r e  g i v e n  i n  T a b l e  3 - 3 .
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. t , IV.  EVALUATION OF THE PROPOSAL
The u s e  o f  t h e  F o u r i e r  s e r i e s  t o  q u a n t i f y  c h a r a c t e r i s t i c  
p a t t e r n s  o r  w a v e f o r m s  i n  b i o l o g i c a l  s i g n a l s  y i e l d s  s i g n i f i c a n t  
a d v a n t a g e s  i n  i t s  f l e x i b i l i t y  and  r e s o l u t i o n .
F o r  t h e  p a r t i c u l a r  c a s e  o f  t h e  ECG wa v e f o r m c o n s i d e r e d  i n  
t h e  CSMP s i m u l a t i o n s ,  t h e  r e s o l u t i o n  o f  t h e  q u a n t i f i c a t i o n  p r o ­
c e s s  c a n  be k e p t  w i t h i n  1% a c c u r a c y  i f  t h e  s e g m e n t a t i o n  i s  c a r r i e d  
o u t  w i t h  an a c c u r a c y  o f  0 . 5 %.  Th e s e  f i g u r e s  a r e  i m p l i e d  i n  t h e  
a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  b e t w e e n  r e s o l u t i o n  a n d  s e g m e n ­
t a t i o n  e r r o r  a s  g i v e n  i n  T a b l e  3 - 3 .
8Balm , i n  o r d e r  t o  c a r r y  o u t  h i s  c r o s s  c o r r e l a t i o n  a n a l y s i s  
o f  ECG w a v e f o r m s  h a d  t o  e s t a b l i s h  b e f o r e h a n d  e x a m p l e s  o f  t y p i c a l  
n o r m a l  a n d  a b n o r m a l  w a v e f o r m s  a n d  a s  s uch  i n j e c t e d  an e l e m e n t  o f  
b i a s  i n t o  h i s  wo r k .  The c a p a b i l i t y  o f  q u a n t i f y i n g  s u c h  p a t t e r n s  
by me a n s  o f  a F o u r i e r  s e r i e s  a n d  u s i n g  t h i s  n u m e r i c a l  d a t a  t o  e s ­
t a b l i s h  n o r m s ,  a s  w i l l  be d i s c u s s e d  l a t e r ,  c a n  e l i m i n a t e  t h i s  
e l e m e n t  o f  b i a s .
F u r t h e r m o r e ,  i n  t h e  c a s e  o f  b i o l o g i c a l  s i g n a l s  wh i c h  h a v e  
n o t  r e c e i v e d  a s  much i n t e n s i v e  s t u d y  a s  ECG, t y p i c a l  w a v e f o r m s  
i n  s u c h  s i g n a l s  may be d i f f i c u l t  t o  e s t a b l i s h .  T h i s  f a c t  e mpha ­
s i z e s  t h e  n e c e s s i t y  o f  h a v i n g  a c a p a b i l i t y  o f  q u a n t i f y i n g  p a t t e r n s  
i n  b i o l o g i c a l  s i g n a l s  and  t h e r e b y  e s t a b l i s h i n g  a b a s i s  u p o n  wh i c h  
p r e c i s e  c o m p a r i s o n s  o f  s i g n a l  w a v e f o r m s  c an  be made .
S t e i n b e r g ' p a t t e r n  r e c o g n i t i o n  p r o g r a m  i s  r e s t r i c t e d  t o  
a s p e c i f i c  c l a s s  o f  s i g n a l s ,  n a m e l y  ECG. The F o u r i e r  s e r i e s  
a f f o r d s  t h e  f l e x i b i l i t y  o f  b e i n g  a b l e  t o  r e p r e s e n t  a wi de  r a n g e  
o f  b i o l o g i c a l  s i g n a l s  w i t h  t h e  same s e t  o f  p a r a m e t e r s .  T h i s ,  i n  
t u r n ,  o f f e r s  t h e  a d v a n t a g e  o f  a l l o w i n g  one  i n s t r u m e n t a t i o n  s y s t e m
6 1
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t o  be a p p l i e d  t o  a l l  s u c h  s i g n a l s  i n  o r d e r  t o  c o mp u t e  t h e s e  
p a r a m e t e r s .
In a d d i t i o n ,  one  s y s t e m  l i k e  a F o u r i e r  s e r i e s  s y n t h e s y z e r  
c o u l d  a l s o  be u s e d  t o  r e c o n s t r u c t  a s i g n a l  wa v e f o r m f r o m t h e s e  
p a r a m e t e r s  i f  s u c h  a p r o c e s s  was  f o u n d  n e c e s s a r y .
The ma i n  p r o b l e m  i n v o l v e d  i n  u s i n g  a F o u r i e r  s e r i e s  r e p r e ­
s e n t a t i o n  o f  p a t t e r n s  w i t h i n  b i o l o g i c a l  s i g n a l s  i s  t h e  n e c e s s i t y  
o f  s e g m e n t i n g  t h e  s i g n a l  i n t o  c h a r a c t e r i s t i c  p a t t e r n s .  U n l e s s  
a u t o m a t e d  s e g m e n t a t i o n  t e c h n i q u e s  l i k e  t h o s e  u s e d  by S t e i n b e r g ^  
a r e  u s e d  f o r  e v e r y  p a r t i c u l a r  c l a s s  o f  s i g n a l  t o  be a n a l y z e d ,  
s u b j e c t i v e  j u d g e m e n t s  w i l l  h a v e  t o  be u s e d  i n  o r d e r  t o  d e t e r m i n e  
t h e  a p p r o x i m a t e  l o c a t i o n  o f  c h a r a c t e r i s t i c  p o i n t s  i n  t h e  s i g n a l  
wh i c h  s e g m e n t  t h e  s i g n a l  i n t o  f u n d a m e n t a l  w a v e f o r m s .
The e n t i r e  a n a l y s i s  i s  d e p e n d e n t  upon  t h i s  f i r s t  s u b j e c t i v e  
s t e p  and  t h u s  t h e  r e s u l t a n t  d a t a  c o u l d  be c r i t i c i z e d  a s  b e i n g  
m e r e l y  a r e f l e c t i o n  o f  i t ;  h o w e v e r ,  t h e  q u e s t i o n  o f  d e g r e e  mu s t  
be  c o n s i d e r e d .  T h i s  j u d g e m e n t  o f  wh e r e  t o  s e g m e n t  a s i g n a l  i s  
n o t  a s  a r b i t r a r y  a s  t h o s e  made by m e d i c a l  p e r s o n n e l  on n o t  o n l y  
t h e  e n d p o i n t s  o f  a c h a r a c t e r i s t i c  w a v e f o r m ,  b u t  t h e  s i g n i f i c a n c e  
o f  wh a t  l i e s  i n  b e t w e e n .  F u r t h e r m o r e ,  i f  t h e s e  c h a r a c t e r i s t i c  
p o i n t s  a r e  s t a b l e  and  w e l l  d e f i n e d  t h r o u g h o u t  t h e  s i g n a l ,  i t  i s  
q u i t e  f e a s i b l e  t h a t  t h e  s e g m e n t a t i o n  c a n  be i m p l e m e n t e d  w i t h  
a c c u r a c y  and  c o n s i s t e n c y  i n s u r i n g  t h a t  m e a n i n g f u l  c o m p a r i s o n s  
c a n  be made b e t w e e n  w a v e f o r m s  w i t h i n  a p a r t i c u l a r  c l a s s  o f  s i g n a l  
I t  m u s t  n e v e r t h e l e s s  be s a i d  t h a t  t o  make  t h e  e n t i r e  p r o c e s s  
c o m p l e t e l y  o b j e c t i v e  i t  i s  n e c e s s a r y  t o  d e v e l o p  a n  a u t o m a t e d  
m e t h o d  o f  s e g m e n t i n g  a g e n e r a l  c l a s s  o f  b i o l o g i c a l  s i g n a l s .
T h i s  s u b j e c t i v e  e l e m e n t  a p p e a r s  i n  v a r y i n g  d e g r e e s  i n  t h e
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o t h e r  s i g n a l s  a n a l y s i s  s y t e m s  c o n s i d e r e d  i n  t h e  l i t e r a t u r e  
s u r v e y  a n d  p o i n t s  o u t  t h e  f a c t  t h a t  t h e  p r o b l e m  o f  a n a l y z i n g  
b i o l o g i c a l  s i g n a l s  i s  n o t  y e t  f u l l y  r e s o l v e d .
The n e x t  p r o b l e m  wh i c h  m u s t  be t a k e n  i n t o  c o n s i d e r a t i o n  
i s  t h a t  o f  f i d e l i t y .  I f  m e a s u r e s  a r e  t a k e n  t o  p r e v e n t  a l i a s i n g ,  
due  t o  l i m i t a t i o n s  u p o n  t h e  maximum s a m p l i n g  r a t e  o f  t h e  A/D c o n ­
v e r t e r ,  t h e  h i g h  f r e q u e n c y  p o r t i o n  o f  t h e  s i g n a l  i s  e l i m i n a t e d  
u n d e r  t h e  a s s u m p t i o n  t h a t  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  band  
i s  n o t  s i g n i f i c a n t .  I f  t h i s  a s s u m p t i o n  i s  n o t  v a l i d ,  e q u i p m e n t  
w i t h  h i g h e r  s a m p l i n g  r a t e  c a p a b i l i t i e s  w i l l  h a v e  t o  be u s e d .
F o r  t h e  p a r t i c u l a r  ECG wa v e f o r m c o n s i d e r e d  i n  t h e  CSMP 
s i m u l a t i o n s  ( T a b l e  3 - 1 ) ,  f  f o r  a l l  p r a c t i c a l  p u r p o s e s  was  f o u n d  
t o  be 50 Hz.  The s a m p l i n g  r a t e  r e q u i r e d  f o r  a s i g n a l  w i t h  s u c h  
a b a n d w i d t h  i s  a p p r o x i m a t e l y  500 Hz.  T h i s  r a t e  i s  w e l l  w i t h i n  
t h e  c a p a b i l i t i e s  o f  t h e  c o m p u t e r  f a c i l i t i e s  c o n s i d e r e d  i n  t h e  
p r o p o s a l .
I m p l e m e n t i n g  t h e  d i g i t a l  p o r t i o n  o f  t h e  a n a l y s i s ,  a s s u m i n g
24t h e  h a r d w a r e  i s  a v a i l a b l e ,  i s  m a i n l y  a p r o g r a m m i n g  p r o b l e m .
I n  t h e  a n a l o g u e  p h a s e  s y n c h r o n i z a t i o n  i s  t h e  c r i t i c a l  f a c t o r .  
The r e s e t  t i m e  on t h e  a n a l o g u e  m o d u l e s  m u s t  be  much s m a l l e r  t h a n  
t h e  f u n d a m e n t a l  p e r i o d  o f  t h e  wa v e f o r m t o  i n s u r e  t h a t  o n l y  a 
mi ni mum a mo u n t  o f  s i g n a l  i n f o r m a t i o n  i s  p a s s e d  when t h e  c o m p u t e r  
i s  i n  t h e  r e s e t  mode .  E x t e n d i n g  t h e  p e r i o d  by me a n s  o f  v a r i a b l e  
t a p e  s p e e d  t e c h n i q u e s  a nd  u s i n g  e l e c t r o n i c  s w i t c h i n g  t o  r e d u c e  
r e s e t  t i m e s ,  c a n  i n  m o s t  c a s e s  a l l o w  t h i s  c r i t e r i o n  t o  be m e t .
Wi t h  t h e  e x c e p t i o n  o f  t h e  i n i t i a l  s e g m e n t a t i o n  p h a s e ,  t h e
8s y s t e m  p r o p o s e d  i s  a f u l l y  a u t o m a t i c  o n e .  B a l m ' s  and  L o w e n b e r g ' s  
t e c h n i q u e s  i n v o l v e d  e x t e n s i v e  ma n u a l  o p e r a t i o n s  u p o n  e a c h
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c h a r a c t e r i s t i c  wa v e f o r m i n  o r d e r  t o  c a r r y  o u t  t h e i r  a n a l y s e s *
To i l l u s t r a t e  t h e  o p e r a t i o n  o f  t h e  p r o p o s e d  s y s t e m  t h e  p r o ­
c e s s i n g  o f  a o n e - m i n u t e  r e c o r d  o f  a n  ECG s i g n a l  c a n  be u s e d  a s  an  
e x a m p l e .  Such a r e c o r d  c o n t a i n s  a p p r o x i m a t e l y  140 c a r d i a c  c y c l e s ,  
a n d  c a n  be s e g m e n t e d  s e m i - a u t o m a t i c a 1 1 y i n  a p p r o x i m a t e l y  20 m i n u t e s .  
T h r e e  d i g i t a l  c o m p u t e r  r u n s  t o  e s t a b l i s h  d u r a t i o n  p a r a m e t e r s ,  t i me  
n o r m a l i z e  t h e  s i g n a l ,  a n d  o u t p u t  i t  a t  a c o n s t a n t  r a t e  e a c h  r e q u i r e  
1 m i n u t e  o f  p r o c e s s i n g .  T h i s  a s s u m e d  t h a t  t h e  r e c o r d e d  s i g n a l  i n ­
f o r m a t i o n  i s  made a v a i l a b l e  t o  t h e  c o m p u t e r  a t  t h e  same s p e e d  t h a t  
i t  was  r e c o r d e d .  An a d d i t i o n a l  m i n u t e  o f  p r o c e s s i n g  i s  r e q u i r e d  
t o  c a r r y  o u t  t h e  F o u r i e r  a n a l y s i s  on  t h e  s p e c i a l  p u r p o s e  a n a l o g u e  
c o m p u t e r ,  and  a p p r o x i m a t e l y  15 m i n u t e s  o f  T e l e t y p e  o p e r a t i o n  t o  
p r i n t  o u t  t h e  f i n a l  p a r a m e t e r  v a l u e s .  The e n t i r e  p r o c e d u r e  wo u l d  
t h u s  r e q u i r e  a b o u t  45 m i n u t e s  t o  p e r f o r m .
To q u a n t i f y  p a t t e r n s  u s i n g  FFT t e c h n i q u e s  wou l d  r e q u i r e  l a r g e  
d i g i t a l  c o m p u t e r  f a c i l i t i e s .  In t h i s  c a s e  t h e  s i g n a l  d a t a  wou l d  
s t i l l  h a v e  t o  be a v a i l a b l e  i n  a s e g m e n t e d  f o r m .  A l l o w i n g  a p p r o x i ­
m a t e l y  3 m i n u t e s  o f  c o m p u t e r  t i m e  t o  p e r f o r m  t h e  FFT c o m p u t a t i o n s  
r e s u l t s  i n  a t o t a l  o p e r a t i o n  t i m e  o f  23 m i n u t e s .  T h i s  i s  a b o u t  
a  507. s a v i n g s ,  i n  t e r m s  o f  o p e r a t i o n  t i m e ,  o v e r  t h e  me t h o d  p r o p o s e d ,  
b u t  a t  t h e  e x p e n s e  o f  u s i n g  a l a r g e  d i g i t a l  c o m p u t e r .  Such f a c i l i ­
t i e s  may n o t  be  r e a d i l y  a v a i l a b l e  t o  a c l i n i c  i n v o l v e d  i n  b i o ­
m e d i c a l  r e s e a r c h .
The s y s t e m  f o r  t h e  q u a n t i f i c a t i o n  o f  p a t t e r n s  i n  b i o l o g i c a l  
s i g n a l s  g i v e n  i n  t h e  p r o p o s a l  c a n  be i m p l e m e n t e d  w i t h  r e l a t i v e l y  
s i m p l e  i n e x p e n s i v e  e q u i p m e n t ;  t h e  m a i n  c o m p o n e n t s  b e i n g  a s m a l l  
d i g i t a l  c o m p u t e r  a nd  a s p e c i a l  p u r p o s e  a n a l o g u e  c o m p u t e r .  The 
c o m p l e t e  s y s t e m ,  i n c l u d i n g  a l l  p e r i p h e r a l  e q u i p m e n t ,  c o u l d  be i n ­
s t a l l e d  i n  a c l i n i c  f o r  t h e  a p p r o x i m a t e  c o s t  o f  $ 4 0 , 0 0 0  a n d  be 
a v a i l a b l e  f o r  u s e  a t  a l l  t i m e s .
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V. CONCLUSIONS AND RECOMMENDATIONS
A s y s t e m  h a s  b e e n  p r o p o s e d  wh i c h  a t t e m p t s  t o  q u a n t i f y  t h e  
p a t t e r n s  o r  w a v e f o r m s  t h a t  o c c u r  i n  b i o l o g i c a l  s i g n a l s ,  b a s e d  
on  a F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  o f  t h e  w a v e f o r m .  I t  i s  o u t -  
s i d e  t h e  s c o p e  o f  t h i s  t h e s i s  t o  e s t a b l i s h  w h e t h e r  o r  n o t  t h e  
p a r a m e t e r s  u s e d  t o  q u a n t i f y  t h e s e  w a v e f o r m s  c a n  be r e l a t e d  d i r e c t ­
l y  t o  some p a r t i c u l a r  p h y s i o l o g i c a l  p h e n o m e n a .  T h e s e  c o n s i d e r a ­
t i o n s  m u s t  be  l e f t  t o  t h o s e  t r a i n e d  i n  t h e  m e d i c a l  a n d  b i o l o g i c a l  
s c i e n c e s .
The f e a s a b i l i t y  of  e s t a b l i s h i n g  s u c h  r e l a t i o n s h i p s  n e v e r t h e ­
l e s s  r e m a i n s ,  s i n c e  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h e  wa v e f o r m i s  
t r a n s f o r m e d  i n t a c t  i n t o  n u m e r i c a l  d a t a ,  and  p r o v i d e s  a r e s o l u t i o n  
a n d  b a s i s  f o r  f u r t h e r  a n a l y s i s  wh i c h  i s  f a r  s u p e r i o r  t o  a n y  b r o a d  
s u b j e c t i v e  j u d g e m e n t s  t h a t  c a n  be made upon  t h e  w a v e f o r m .
F u r t h e r  a n a l y s i s  o f  t h i s  d a t a  c o u l d  i n c l u d e  s t a t i s t i c a l  t e c h ­
n i q u e s  t o  c o r r e l a t e  n o r ma l  a n d  a b n o r m a l  p h y s i o l o g i c a l  s t a t e s  i n  
a p a t i e n t ,  a n d  t h e  d a t a  t h a t  was  t a k e n  f r om t h e  a n a l y s i s  o f  a 
b i o l o g i c a l  s i g n a l  g e n e r a t e d  by t h e  p a t i e n t .  I f  s u c h  c o r r e l a t i o n s  
do e x i s t  a m u l t i d i m e n s i o n a l  s p a c e  b a s e d  on t h e  p a r a m e t e r s  d e f i n i n g
t h e  c h a r a c t e r i s t i c  wa v e f o r m c o u l d  be e s t a b l i s h e d  and  p a r t i t i o n e d
6
t o  c r e a t e  a t a x o n o m i c  s p a c e  .
The p o s s i b i l i t i e s  o f  i m p l e m e n t i n g  t h i s  s y s t e m  w i t h o u t  t h e  
u s e  o f  t i m e  n o r m a l i z a t i o n  was  b r o u g h t  o u t  l a t e  i n  t h e  a u t h o r ' s  
w o r k ‘d .  The e n t i r e  p o i n t  o f  t i m e  n o r m a l i z a t i o n  was  t o  m a i n t a i n  
t h e  p e r i o d  T o f  t h e  w a v e f o r m s  c o n s t a n t  s u c h  t h a t  a s i m p l e  a n a l o g u e  
s y s t e m  w i t h o u t  v a r i a t i o n s  i n  t h e  p a r a m e t e r  T c o u l d  be i m p l e m e n t e d .  
Ho we v e r ,  u s i n g  t h e  o t h e r  t a c t i c ,  v a r i a t i o n s  i n  t h e  p a r a m e t e r  T
65 •
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
c a n  be a c c o m p l i s h e d  by t h e  u s e  o f  m u l t i p l i e r s  a s  shown i n  
F i g .  5 - l a .
F o u r i e r  a n a l y s i s  o f  t h e  u n o r m a l i z e d  s i g n a l  c a n  t h u s  be 
a c c o m p l i s h e d  i f  t h r e e  t r a c k s  o f  i n f o r m a t i o n  a r e  s i m u l t a n e o u s l y  
a v a i l a b l e ;  o n e  s p e c i f y i n g  t h e  s i g n a l ,  one  t h e  s y n c h r o n i z a t i o n  
p u l s e s  a n d  t h e  t h i r d  p r o d u c i n g  a p o t e n t i a l  e q u a l  t o  — f o r  
t h e  d u r a t i o n  Tj o f  t h e  i ' t h  wa v e f o r m a s  shown i n  F i g .  5 - l b .
T h i s  t h i r d  t r a c k  o f  i n f o r m a t i o n  c o u l d  be g e n e r a t e d  by a d i g i t a l  
c o m p u t e r  w i t h  D/A c o n v e r s i o n  f a c i l i t i e s ,  h a v i n g  s t o r e d  i n  memory 
t h e  v a l u e s  o f  t h e  d u r a t i o n  p a r a m e t e r s  / \  .
The a l t e r n a t e  m e t h o d ,  o u t l i n e d  a b o v e ,  o f f e r s  a p o s s i b i l i t y  
o f  d e c r e a s i n g  t h e  c o m p l e x i t y  i n v o l v e d  i n  i m p l e m e n t i n g  t h i s  s y s t e m .  
The v a r i a b l e  s a m p l i n g  r a t e  s y s t e m  a n d  t h e  t i m e  n o r m a l i z a t i o n  a n d  
s i g n a l  r e c o n s t r u c t i o n  s y s t e m s  c a n  be r e p l a c e d  by a s i m p l e r  d i g -  
t a l  c o m p u t e r  s y s t e m  wh i c h  g e n e r a t e s  t h e  —  ----  s i g n a l  a t  t h e  ex  —
A t .x
p e n s e  o f  a d d i n g  two m u l t i p l i e r s  f o r  e a c h  o f  t h e  a n a l o g u e  c o m p u t e r  
m o d u l e s .





FIG.  5 - l a .  MODIFIED FOURIER ANALYSIS ANALOGUE COMPUTER 
MODULE
SYNC
FI G.  5 - l b .  3 TRACKS OF INFORMATION REQUIRED TO
IMPLEMENT MODIFIED SYSTEM
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♦ ♦♦♦CONTINUOUS SYSTEM MODELING PROGRAM***’*'
♦♦♦PROBLEM INPUT STATEMENTS***
TITLE FOURIER ANALYSIS
PARAMETER K= ( 1 . 0 , 4 * 1 . 0 )  _ __________________ ____________ ___________
CONSTANT T N O R M= 2 . 0 , P I = 3 . 1415927
I NI TI AL
WM=2. 0*PI*20. 0/ TNORM 
W=2.0*PI*K/TNORM
DYNAMIC
 _____________ FH=SINE ( 0 . 0 ,  P I ,  P I / 2 . 0 )  ____________________________________
" D 3 FN= (W M * * 3) * F H - 2* W M * D 2F N- 2 * (W M * * 2) * D1F N -  { W M * * 3 ) *F N 
D2FN=INTGBL(0. 0 , D3FN)
D1FN=INTGBL(0. 0 , D2FN)
FN=I NTGRL( 0. 0 , D1FN)
CD2 X=W* X-FN
 ;_____ ______CD1X=- TNTGRL( 0 . 0 , CP 2 X ) _____________________________________
1)1X=W*CD1X 




___________________B=NEGX*2.  0/TNOPM_____________________________________ ._______
WRIT E { 6 , 1 2  0)
WRITE( 6 , 1 2 1 ) K, A , 8
120 FORMAT(23H HARMONIC A B)
121 FORMAT ( F 7 . 3 ,  1 X , F 7 . 3 , 1 X , F 7 .  3)
TIMER DEL T= 0 . 0 0 1 f P S D E L = 0 . 0 1 , F I N T I H = 2 . 0
PRINT ________ F H J  N , c p  1 X , N EGX________________________________________________
end’ ’ “   ”
STOP
IUTPUT VARIABLE SEQUENCE
M W FH D3FN D2FN D1FN FN N EGX X CD2X
-Z0007 CD 1X D1X SZ0009  A B ZZ0011
OUTPUTS INPUTS PARAMS INTEGS + MEM BLKS FORTRAN DATA CDS
21 (500) 3 4 ( 1 4 0 0 ) 6 (400) 5+ 0= 5 (300) 21 (600)  6
...... -..........:.... ........... — ..... ....—  '---- --------...
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♦ ♦ ♦ P R O B L E M  I N P U T  S T A T E M E N T S * * *
T I T L E
P A R A M E T E R
C O N S T A N T
F U N C T I O N
F O U R I E R  A N A L Y S I S  
K-  ( 1 . 0 , 4 * 1 . 0 )
T N O R M = 2 . 0 , P I = 3 . 1 4 1 5 9 2 7
Y = 0 . 0 , 0 . 0 , 0 . 0  0 1 , 1 . 0 , 0 . 5 , 1 . 0 , 0 . 9 9 9 , 1 . 0 , 1 . 0 , 0 . 0 , _ _ _ _
I N I T I A L
D Y N A M I C
1 . 0 0 1 , - 1 . 0 , 1 . 5 , - 1 . 0 , 1 . 9 9 9 , - 1 . 0 , 2 . 0 , 0 . 0  
W M = 2 . 0 * P T * 2 0 . 0 / T N O R M
W = 2 . 0 * P I * K / T N O R M  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
F H = A F G E N  ( Y , T I M E )
.... . . . . . . . . . . -... ..-. . . . . . . . . . . . . . . . . . . . . . . . . . -
D 3 F N =  ( W M * * 3 )  * ' i ? H - 2 * W M * D 2 F N - 2 *  ( W M * * 2 )  * D  1  F N -  ( W M * * 3 )  * ? N  
D 2 F N = T N T G R L ( 0 . 0 , D 3 F N )
' D 1  F N  =  I N  T G S L  ( 0 . 0 , D 2 F N )
F N - I N T G R L ( 0 . 0 , D 1 F N )
C D 2 X = W * X - F N
C D 1 X = — I N T G R L ( 0 . 0 , C D 2 X )
T E R M I N A L
D 1 X = W * C D 1 X
N E G X = - I N T G R L ( 0 . 0 , D 1 X )  
X = - N F G X
A = C D 1 X * 2 . O / T N O R M  
B = N E G X * 2 . O / T N O R M
T I M E R
P R I N T
N ^ I T E  (6 , 1 2 0 )
W R I T E  ( 6 ,  1 2 1 )  A  , B
1 2 0  F O R M A T  ( 2 3 H  H A R M O N I C  A  B )
1 2 1  F O R M A T  ( F 7 . 3 , 1 X , F 7 . 3 , 1 X , F 7 .  3 )
D E L T = 0 . 0 0 1 , P R  D E L  = 0 . 0 1 , F I N T I M  =  2 . 0  
F H , F N , C D 1 X , N E G X
E N D
S T O P
F T P U T  V A R I A B L E  S E Q U E N C E
i  W  F H  D 3 F N  D 2 F N  D 1 F N  F N  N  E G X  X  C D 2 X
: o o o 7  c d  1 x  d  1 x z z o o n g  a  b  z z o o n
I U T P U T S  
! 1 ( 5 0 0 )
I N P U T S
3 5 ( 1 4 0 0 )
P A R A M S  I N T F G S  +  M E M  B L K S  F O R T R A N  D A T A  C D S  
7 ( 4 0 0 )  5 +  0 =  5  ( 3 0 0 )  2 1  ( 6 0 0 )  8
............................. - . . . . . . . . . . . . . . . . . . . . . . . — . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -  . . . . . . . . . . . . . . . - . . . . . . - . . . . — . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . -  . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . .
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♦  ♦ ♦ P R O B L E M  I N P U T  S T A T E M E N T S ' ^
T I T L E  B I O L O G I C A L  S I G N A L  A N A L Y S I S
T I T L E  O N E  C Y C L E  O F  A  N O R M A L  E C G
/  D I M E N S I O N  D T A P E  ( 1  0 0 0 )
F I X E D  J , I C O U N T
C O N S T A N T  T N O R M = 2 . 0 , P N O R M = 1 5 . 0 , T = 0 . 4 3 , P I = 3 . 1 4 1 5  9 2 7
C O N S T A N T  N = 1 0 C Q , 0
I N C O N  J = 1 , I C O U N T = 1 , K = 1 . 0
I N C O N  A C C P = 0 . 0  _ _ _ _
F U N C T I O N
I N I T I A L
1 = 0 . 0 , 2 . 0 , 0 , 0 1  , 1 . 
0 . 0 3 , 1 . 5 , 0 . 0 3 4 ,  
0 . 0 4 5 , 1 1 . 6 , 0 . 0 5  
0 . 0 6 4 , 5 . 0 , 0 . 0 7 ,  
0 . 1 0 , 1 . 9 , 0 . 1  1 , 1  
0 . 1 5 , 2 . 4 , 0 . 1 6  , 2
0 , 0 . 0 2 , 0 . 1 , 0 . 0 2 2
4 . 5 . 0 . 0 3 8 . 6 . 3 . 0 .  
, 1 1 . 6 , 0 . 0 5 4 , 1 0 . 1
3 . 0 . 0 . 0 7 4 . 2 . 0 . 0 .  
. 6 , 0 . 1 2 , 1 . 7 , 0 . 1 3  
. 8 , 0 . 1 7 , 3  .  3 , 0 . 1 8
, 0 .  1 , 0 . 0 2 6  , 0 . 4  ,  
0  4 , 8 . 0 , 0 . 0 4  4 , 1 0  
, 0 . 0 5 8 , 8 . 5 , 0 . 0 6
0 8 , 1 . 6 , 0 . 0 9 , 1 . 8  
,  1 . 8 , 0 .  1 4  , 2 . 0 , .  
, 4 . 2 . 0 . 1 9 , 4 . 6 , .
. 3 , *. 
, 8 . 0 ,
0 . 2 0 , 5 . 2 ,  0 . 2 1 , 5  
0 . 2 5 , 4  . 0 , 0 .  2 6  , 3  
0 . 3 0 , 2 . 7 , 0 . 3 1 , 3  
0 . 3 5 , 4 .  2 , 0 .  3 6 , 4  
0 . 4 0 , 2  . 0 , 0 . 4 1  , 2
. 4 , 0 . 2 2 , 5 . 3 , 0 . 2 3  
. 5 , 0 . 2 7 , 2 . 8 , 0 . 2 8  
. 1 , 0 . 3 2 , 3 . 4 , 0 . 3 3  
. 8 , 0 . 3 7 , 4 . 7 , 0 . 3 8  
, 0 , 0 . 4 2 , 2 . 0 , 0 . 4 3
, 5 . 2 , 0 . 2 4 , 4 . 6 , .  
, 2 . 7 , 0 . 2 9 , 2 . 6 , .  
, 3 . 5 , 0 . 3 4 , 3 . 6 , .  
, 3 . 8 , 0 . 3 9 , 2 . 6 , .  
, 1 . 9
D Y N A M I C
N O S O S T
W M  =  2 . 0 ^ P T ^ 7  0 . O / T N O R M  
N = 2 . O ^ P I ^ K / T N O E M  
S T = T / N  
S T N = T N O R M / N
F = N L  F G E N  ( Y ,  T I M E )  
I F  ( I C O U N T - 1 )  1 , 1 , 2  
1 C O N T I N U E
♦
D I G I T A L  P H A S E  
T I M E  N O R M A L I Z A T I O N
S A M P L 1 = I M P U L S  ( S T , S T )
I F  ( S A M P L  1 - 0 .  1 )  2  0 , 2 0 ,  1 0  
10 D T A P E  ( J )  = F  
X 1 = J
 X 2 = D T A P E  ( J ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
J = J + 1
20 C O N T I N U E  
G O  T O  3  
2 C O N T I N U E
Z E R O  O R D E R  H O L D  S Y S T E M
R D O U T = I M P U L  S ( S T N , S T N )  
I F  ( E D O U T - 9 .  1 )  U O  ,  4 0 ,  3 0  
30 FH= D T A P E ( J )
X 3 = J
 ________________i L f ' l t l ____________ _ __________
40 C O N T I N U E
♦  A N A L O G U E  P H A S E
S O R T
♦  ,  3 R D  O R D E R  F I L T E R
D 3 ? N =  ( W M ^ I )  ♦ F H - 2 T W M ^ D 2 F N - 2 ^  ( W M ^ 2 )  ♦ D 1  F N - . ( V K* *  3 )  ♦ F N  
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*  D C  A N D  P O W E R  A N A L Y S I S
D C = I  N T G R L  ( 0  .  0  ,  F N )
F N 2 = F N * * 2
 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ P = I N T G P L  ( 0 .  0 , F N 2 ) _ _ _ _ ; _ _ _ _ _ _ ; _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ '_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
*  F O U R I E R  A N A L Y S I S
C D 2 X = W * X - F N  
C D 1 X = - I N T G R L  ( 0 . 0 , C D 2 X )
_ _ _ _ _ _ _ _ D 1  X = W * C D 1  X  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
N  E G  X = - I N T  G P L ( 0 . 0 , D I X )
X = - N E G X
N O S O R T
 3  C O N T I N U E
T E R M I N A L
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I F  ( I C O I J N T -  1 )  4  , 4 , 5 _ _ _ _ _ _ _ _ _ _ _ _ _ ; _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
. 4  C O N T I N U E
W R I T E  ( 6 , 3 3 )
3 3  F O R M  A T ( / / 1 5 X , 2  5 H  C O N T E N T S  O F  D I G I T A L  T A P E )
D O  5 0  J  =  1 , 1 0 0 0 , 1 0  
W R I T E  ( 6 , 4 4 )  J , D T A P E  ( J )
_ _ _ _ _ _ _ _ _ _ _ _ _   5 0  C O N T I N U E _ _ _ _ _ _ _ _ _ _ _ _ :_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
4 4  F O R M A T ( 1 8 X , T 5 , 3 X , F 8 . 3 )
G O  T O  6
5  C O N T I N U E
I F ( K - 1 . 1 ) 7 , 7  , 3
7  C O N T I N U E
 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ A 0  =  D C * T N O R M j / 2  .  0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ :_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _ _ _ _ _ _ _ _ _ _ _ _
P = P / T N O E K
C = P / P N O R M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W R I T E  ( 6 , 1 1 )
W R I T E { 6 , 2 2 )  A  0  ,  P  ,  C  
1 1  F O R M  A T ( / / 1 5 X , 4 1 H A 0  C O M P O N E N T  A V E R A G E  P O W E R  F A C T O R  C )  
 _ _ _ _ _ _ _ _ _ _ _ _ _ 2 2 _ F O  E M  A  T (  1 6  X ,  F  8 . 3  ,  9  X  , F 8 .  3 , 7  X ,  F 8 .  3 ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
8  C O N T I N U E  
A = C D 1 X * 2 . 0 / T N O R M  
B = N E G X * 2 . 0 / T N O R M  
A N = A * S Q R T ( C )
B N  =  B * S Q R T ( C )
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ W R I T E  ( 6 , 5 5 ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
W R I T E  (6  , 6 6 ) 1 ?  ,  A  ,  B  ,  A  N ~ , R N  
5 5  F O R M A T { / / 1 5 X , 9 H  H A R M O N I C , 8 X , 1  H A , 8 X , 1  H R , 8 X , 2 H A N , 8 X , 2 H B N )
66  F O R M  A T ( 1 5 X , F 8 . 3 , 5 X , F 8 . 3 , 1 X , F 8 . 3 , 2 X , F 8 .  3 , 2 X , F 8 .  3 )
A C C P =  ( A * * 2 + R * * 2 ) / 2 . 0 + A C C P  
W R I T E  ( 6 , 7 7 )
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ W  R I T  F .  (  6 ,  4  8 )  AC C  P  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
7 7  F O R M A T ( / / 1 5 X , 1 8 H  A C C U M U L A T E D  P O W E R )
88  F O R M  A T  ( 2 1  X ,  F 8 .  3 )
J =1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6 C O N T I N U E
T I M E R  D E L T  =  0 . 0 0 0 0 1  , P R D E I - 0 . 0 0 5 , F I N T I M = 0 .  4 3
M E T H O D  R E C T
P R I N T F , S A M P L 1 , X 1 , X 2
E N D
P A R A M E T E R K =  ( 1 . 0 , 4 9 * 1 . 0 )
I N C O N J = 1 , I C O U N T = 2 , F H = 2 . 0 , F N = 2 . 0
T I M E R D E L T = 0 . 0 0  0 0 5 , P R D E I = 0 . 0  2 , F I N T I M = 2 . 0
P R I N T F , F H , F N . ? n O U T , C D 1 X . N F G X . X 3
E N D
S T O P
i f - *  r *  m  i f n n - r n n t n  r t n A t t n n / M i
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T I T L E _ _ _ _ _ _ _ _ _ _ _ _ _ _ O N E  C Y C L E  O E  A  N O P M A T ,  F C G
'  P A R A M E T E R  
C O N S T A N T  
I N C O N  
F U N C T I O N Y :
K =  ( 1 . 0 , 1 9 * 1 . 0 )
T N G  R M  =  0 . 4  3 , P N O R M = 1 5 . 0 , P I  =  3  . 1 4 1 5 9 2 7
A C C P = 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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0 . 0 4 8 . 1 1 . 6 . ' 0 . 0 5 . 1 1 . 6 . 0 . 0 5 4  . 1 0 . 1 . 0 . 0 5 8 . 8 . 5 . 0 . 0 6  . 8 . 0 _ _ _ _ _
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0 . 1 0 , 1 . 9 , 0 . 1 1 , 1 . 6 , 0 . 1 2 , 1 . 7 , 0 . 1 3 , 1 . 8 , 0 . 1 4 , 2 . 0 , . . .
0 . 1 5 , 2 . 4 , 0 . 1 6 , 2 . 8 , 0 . 1 7 , 3 . 3 , 0 . 1 8 , 4 . 2 , 0 . 1 9 , 4 . 6 , . . .
0 .  2 0 , 5 . 2 , 0 . 2 1 , 5 . 4 , 0 . 2 2 , 5  . 3 , 0 . 2 3 , 5 . 2 , 0 . 2 4  , 4 . 6 , . . .  
0 . 2 5 , 4 . 0 , 0 . 2  6 , 3 . 5 , 0 . 2 7 , 2 . 8 , 0 . 2 8 , 2 . 7 , 0 . 2 9 , 2 . 6 , . . .  
0 . 3 0 . 2 . 7 . 0 . 3 1 . 3 . 1 . 0 .  3 2  . 3 . 4 . 0 . 3 3 . 3 . 5 . 0 . 3 4  . 3 . 6 _ _ _ _ _
I N I T I A L
D Y N A M I C
0 . 3 5 , 4 . 2 , 0 . 3 6 , 4 . 8 , 0 . 3 7 , 4 . 7 , 0 . 3 8 , 3 . 8 , 0 . 3 9 , 2 . 6 , . . .
0 . 4 0 , 2 . 0 , 0 . 4 1 , 2 . 0 , 0 . 4 2 , 2 . 0 , 0 . 4 3 , 1 . 9
W M  =  2 . 0 * P I * 7  0 . O / T N O R M  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
W = 2 . 0 * P X * K / T N O P M
* A N A L O G U E  P H A S E
* 3 R D  C E D E E  F I L T E R  
F H = N L F G E N  f Y . T I M F I
D  3 F N  =  ( K M * *  3 )  * F H - 2 * W M * D 2 F N - 2 *  ( ¥ M * * 2 )  * D 1  F N -  ( W M * * 3 )  * F N  
D 2 F N = I N T G R L ( 0 . 0 , D 3 F N )
D 1 F N  =  I N T G R L  ( 0 .  0  , D 2 R N ) . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  ;
F N  =  I N T G  E L  ( 0 . 0 , D  1  F N )
* D C  A N D  P O W E R  A N A L Y S I S
D C = I N T G F L  ( 0 . 0 , F N )
F N 2 - F N * * 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P= I  N T G  P . I  ( 0 . 0 , F N 2 )
* F O U R I E R  A N A L Y S I S
C 0 2 X - R * X - F N
. . . . . . . . . . . . . . . . . .  C . . D 1 X = - I N ! G E L ( 0 . 0 , C D 2 X )
D 1 X = W * C D 1 X
N E G X = - I N T G  E L ( 0 . 0 , D 1 X )
X  =  - N E G X
T E R M I N A L
7
I F  ( K - 1 .  1 )  7 , 7 , 8
C O N T I N U E  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A 0 = D C * 2 . O / T N O R M
P = P / T N O R M




W R I T E  {6 ,  1 1 )
W R I ' T ' P  (6  , 2 2 )  A O  ,  P , C
. F O R M A T ( / / 1 5 X , 4 1 H A O  C O M P O N E N T  A V E R A G E  P O W E R  F A C T O R  C )  
F O R M A T  ( 1 6 X , F 8 . 3 , 9 X , F 8 .  3 , 7 X , F 9 .  3 )
C O N T I N U E
A = C D 1 X * 2 . O / T N O R M
B = N E G X * 2 . 0 / T N C R M  
A N =  A S S O R T  ( C )
B N = B * S Q R T  ( C )
u n t  m r? i  c. a  a  \
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6 6  F O R M A T  (  1 5 X ,  F 8 .  3  ,  5 X  ,  F 8 .  3  ,  1 X  ,  F 8 .  3 , 2 X ,  F 8 .  3 , 2 X ,  F 8 .  3 )
: A C C P  = ( A * * 2 * B * * 2 ) / 2 . 0 + A C C P  
W R I T E  (6  , 7 7 )
W R I T E  ( 6 , 8 8 )  A C C P  
7 7  F O R M A T  { / / 1 5 X  , 1 8 H  A C C U M U L A T E D  P O W E R )  
88  F O R M  A T  m X r F Q .  3 t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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A  B  A N  B N  A C C P  J
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♦  ♦ ♦ P R O B L E M  I N P U T  S T A T E M E N T S ' ^
T IT L E
T I T L E
B I O L O G I C A L  
O N E  C Y C L E
S I G N A L  A N A L Y S I S  
O F  A  N O R M A L  E C G  
1 . 0)P A R A M E T E R  K = ( 1 , 0 , 1 9 +
C O N S T A N T  T N O R M = G . 4 3 , P N O R M = 1 5 . 0 , P I = 3 . 1 4 1 5 9 2 7
I N C O N  A C C P = 0 . 0
F U N C T I O N  Y = 0 . 0 , 2 . 0 , 0 .
0 . 0 3 , 1 . 5 , 0  
___________________ 0 . P UB, 11 .  6
0 1 ,  1 . 0 , 0 . 0 2 , 0 .  1 , 0 .  0 2 2 , 0 .  1 , 0 . 0 2 6 ,  O . U  
.  0 3 4  , 4 . 5 , 0 .  0 3  8 , 6 .  3 , 0 . 0 4 , 8 . 0 , 0 .  0 4  4 , 1  




3 . . .
8 . 0 ,
I N I T I A L
D Y N A M I C
0 . 0 6 4 , 5 . 0 ,  
0 .  1 0 ,  1 . 9 , 0  
0 . 1 5 , 2 . 4 , 0  
0 . 2 0 , 5 . 2 , 0  
0 . 2 5 , 4 . 0 , 0  
0 . 3 0  , 2 . 7 , 0
0 . 3 5 , 4 . 2 , 0  
0 . 4 0 , 2 . 0 , 0
0 . 0 7 , 3 .  0 , 0 .  0 7 4 , 2 . 0 , 0 . 0 8 ,  1 . 6 , 0 . 0 9 ,  1 .  
.  1 1 , 1 . 6 , 0 . 1 2 , 1 . 7 , 0 . 1 3 , 1 . 8 , 0 . 1 4 , 2 . 0 ,  
. 1 6 , 2 . 8 , 0 . 1 7 , 3 . 3 , 0 . 1 3 , 4 . 2 , 0 . 1 9 , 4 . 6 ,  
.  2 1  , 5 . 4 , 0 . 2 2 , 5 . 3 , 0 .  2 3 , 5 .  2 , 0 .  2 4 , 4 . 6 ,  
. 2 6 , 3 . 5 , 0 .  2 7 , 2 . 8 , 0 . 2 8 , 2 . 7 , 0 . 2 9 , 2 . 6 ,  
.  3 1  , 3  .  1  ,  0 .  3 2  . 3  . 4  , 0 .  3 3 ,  3  .  5 ,  0 .  3  4  .  3  .  6 .
8 ,
. 3 6 , 4 . 8 , 0 . 3 7 , 4 . 7 , 0 .  3 8 , 3 . 8 , 0 .  3 9 , 2 . 6 ,  
. 4  1 , 2 . 0 , 0 .  4 2 , 2 . 0 , 0 . 4 3 , 1  . 9
W M = 2 . 0 ^ P I ^ 7 0 . O / T N O R M  
W=2.O^PI^K/TNORM
♦ A N A L O G U E  P H A S E
♦ .................... 3 R D  O R D E R  F I L T E R  
F H = N L E G E N  ( Y . T I M E )
D 3 F N =  ( W M * ^ 3 )  ♦ F H - 2 * W M * D 2 F N - 2 *  ( W M * ^  2 )  ♦  D 1  F N -  ( # « ♦ ♦ ? )  ♦ F N  
B 2 F N = I N T G R L ( 0 . 0 , D 3 F N )
D 1 F N = I N T G R L ( 0 . 0 , D 2 F N )
F N = I N T G R L ( 0 . 0 , D 1 F N )
♦ D C  A N D  P O W E R  A N A L Y S I S
D C = 1 N T G R L ( 0 . 0 , F N )
F N 2  =  F N ^ 2
P = I  N T G R L  ( 0 . 0  , F N 2 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~ . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
♦ F O U R I E R  A N A L Y S I S
C D 2  X = W ^ X - F N  
C C 1 X = - I N T G R L  ( 0 .  0 , C D 2 X )
D 1  X  =  W  ♦  C  D 1  X  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  \ . . . . . . . . . . . . .
N E G X ^ - I N T G R L ( 0 . 0 , D 1 X )
X = - N E G X
T E R M I N A L
7
I F  ( K  - 1 . 1 ) 7 ,  7 ,  8
C O N T I N U E  
A 0 = D C ^ 2 . O / T N O R M  
P = P / T N O R M  




W R I T E  ( 6 , 1 1 )
W R I T E  (6  , 2 2 )  A O ,  P , C
F O R M A T ( / / 1 5 X , 4 1 H A 0  C O M P O N E N T  A V E R A G E  P O W E R  F A C T O R  C )  
F O R M A T { 1 6 X , F 8 . 3 , 9 X , F 8 . 3 , 7 X , 1 * ’ 8 . 3 )
C O N T I N U E
A = C D 1 X * 2 . O / T N O R M
B = N E G X ^ 2 . O / T N O R M  
A N = A # S Q R T  ( C )
B N  =  B ^ S Q R T ( C )
t j  n  t  m n  t  £. C C \
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66  F O R M A T ( 1 5 X , F 8 . 3 , 5 X , F 8 . 3 , 1 X , F 8 . 3 , 2 X , F 8 . 3 , 2 X , F 8 . 3 )
A C C P =  ( A  * * 2  + B * * 2 ) / 2 . 0 + A C C P  
W R I T E  ( 6 , 7 7 )
W R I T E  (6  , 8 8 )  A C C P  
7 7  F O R M A T  ( / / 1 5 X , 1 8 H  A C C U M U L A T E D  P O W E R )
88  F O R M A T ( 2 1 X , F 8 . 3 ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _   _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
T I M E R
M E T H O D
P R I N T
E N D
P A R A M E T E R
J =1
D E L T = 0 . 0 0 1 , P R D E L = 0 . 0 0 5 , F I N T I M = 0 .  
R K S F X
F H , F N , C D 1 X , N E G X  
K = (  1 . 0 , 1 9 * 1 . 0 )
4 3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -  ■ .....
C O N S T A N T
T I M E R
E N D
P A R A M E T E R
C O N S T A N T
T I M E R
T N O R M = 0 . 4 2 5
D E L T = 0 . 0 0 1 , P R D E L = 0 . 0 0 5 , F I N T T M = 0 .
K =  ( 1 . 0 , 1 9 * 1 . 0 )
T N O R M = 0 . 4  2
D E L T = 0 . 0 0 1 , P R D E L = 0 . 0 0 5 . F I N T I M = 0 .
4 2 5
4 2
- . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . - . . . . . . . .
E N D
S T O P
T P O T  V A R I A B L E  S E Q U E N C E
W  F H  D 3 F N  D 2 F N  D 1 F N  F N  D C  
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